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Block 19 continued.
N
éonditions. Subjects gave a subjective workload rating (SWAT) after each exposure.

Noise istress significantly increased subjective mental workload (SWAT scores) as well
as mean art?rial blood pressures and reduced subjects' reaction times to targets, but had no
significant effect on primary tracking error scores, percent hits on the secondary task, or
any of the other physiological measures. Acceleration stress significantly increased SWAT
scores, primary tracking error scores, heart rate and total eye blinks as well as the stan-
dard deviation of the. forearm EMG.

The standard deviation of the EMG measured from the tracking forearm muscle of the
subjects correlated significantly with most of the workload variables. P300 latencies and
amplitudes increased with increasing task difficulty but were unaffected by acceleration or
noise. SWAT correlated significantly with both performance-based and physiologically-based
workload variableg but the latter two methodologies did not correlate well or significantly
with each other.giThe results indicate that biodynamic stressors such as noise and accelera-
tion adversely affect subjective operator workload without affecting objective task perform-
ance and that physiological workload measures such as eye blink and blink duration are in-
effective in the acceleration environment. =- , : reress (Pro=-
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I. INTRODUCTION

The modern aircraft cockpit is less than the ideal work station for the

human. In modern fighter aircraft cockpits, pilots are routinely

B vt

subjected to 120 dB A-weighted sound level (100 dB at the ear) and must

. be able to perform complex cognitive tasks while exposed to acceleration

? levels up to +9GZ. Ir addition, new developments in digital cockpit

displays and integrated weapons system avionics have significantly

DI

altered the role of the pilot from that of a skilled, manual cortrol

operator to that of an executive manager of an integrated weapons svstem

o

(Schiflett, 1980). Selecting and displaying information on various

multi-purpose displays, processing information on the heads-up and

-

heads-down displays and coordinating weapons systems while maneuvering a

high performance aircraft can impose a serious cognitive load on the

- -

pilot. Humans, operating other complex man-machine systems under a
variety of both normal and abnormal conditions, also face situations

imposing serious cognitive loads. The human operator has a limited

e

capacity to process and respond to information (Broadbent & Gregory,

-
-

1965; Eggemeier & 0'Donnell, 1986; Navon & Gopher, 1979; Norman &

-

Bobrow, 1975; Shingledecker, 1983; Wickens, 1984). Svstem designers

r
L et

must have a metric for measuring that portion of the operator's limited
capacity which is actually required to perform a particular set of
tasks. As a result, mental capacity or workload methodologies have been

developed (Donchin, 1979; Jex, 1976; Mulder, 1979, Pew, 1979; Sheridan,

d
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1980; Williges & Wierwille, 1979). Mental workload, or workload, refers »
o
to the demands imposed by the system on the operator's capacity for

processing information and acting on it (Gopher & Donchin, 1986; 0'Donnell

& Eggemeier, 1986). ¢

Unfortunately, few measurement techniques exist which are able to &
provide an objective, reliable and valid estimate of the subtle differ- ':,'E
ences in workload introduced by new cockpit systems. Compounding this . .‘:':%
problem is the fact that the majority of these integrated cockpit :‘3:
systems have been developed and evaluated on the ground by airframe ,:::‘
manufacturers in non-stress environments. Little is known about the :0‘:
effect of noise stress or acceleration stress on the human operator &
using these systems, and how these stressors atfect workload and the '

operator's performance. Noise stress was selected for this research $j~'
because noise levels can be as high as 120 dB A-weighted sound level in §
the F-16 cockpit (Hille, 1979). Acceleration stress was selected :
because pilots can be subjected to short-duration high G exposures :
during air-to-air combat or air-to-surface weapons delivery and they n’i
must be able to perform under sustained acceleration (Gillingham, \
Plentzas & Lewis, 1985). :\r
What is needed is a method for predicting and quantifyinc, subjec- ‘:‘\
tively and objectively, the effects of stressors such as noise and 3.'{'
acceleration in the advanced fighter aircraft cockpit on pilot perform- :3"
N,
ance and mental workload capacity. :‘;_
The objective of this research was to evaluate the effect of these :$
biodynamic stressors, noise and acceleration, on human operator mental :EE
workload and to contribute to the methodology of monitoring, measuring -:
| and perhaps predicting mertal workload in the aircraft cockpit. ‘:
| Mo
| ; '
2 ".
]
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I1. BACKGROUND

Mental workload is a construct which has been studied extensively,
reported throughout the literature and used in everyday language by
researchers measuring human performance; yet, one, universal definiticn
of mental workload still does not exist. Almost everyone can imagine
examples where two or more individuals comparably perform the same type
of task, whether it is performed in a factory, in an aircraft, on an

athletic field or in the classroom. VYet, it is clear that although

these individuals have achijeved the same objectively measured
performance level, some of these individuals must expend much more
energy than the others in order to achieve the same level of
performance. It is this effort or "cost" to the individual that is
termed workload and which has eluded those who trv to measure it.
Performance measures alone cannot acccunt for this cost to the

individual and cannot of themselves explain workload. Humans can

increase their efforts as a task becomes more difficult, thus increasing

perceived workload, while simultaneously maintaining high performance

standards. Because individuals can achieve the same performance levels

with varying levels of effort, workload has been found to correlate only

must be used to adequately describe the workload. Furthermore, some

techniques and measures are more diagrostic than others, especially if
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a task is performed in an abnormal environment.

Numerous studies have been conducted over the last decade to assess
the functional relationship between workload and a number of subjective,
behavioral and physiological measures. Researchers have developed a
number of measures of physical workload which effectively relate the
amount of work accomplished to the energy cost (Singleton, Fox &
Whitfield, 1973). Such direct measures have eluded mental workload
researchers. With the advent of computers and the technology
revolution, man's physical workload has been redirected toward more
mental activities; modern man must be able to perform attention ard
information processing activities in many factory jobs since robots now
perform many of the menial, labor-intensive tasks. This transition from
the physical to cognitive workload role of man has been a popular topic
with cognitive psycholngists. Two recent publications have summarized
the current thinking about how to both measure mental workload
(0'Donnell & Eggemeier, 1986) and adequately describe its
multi-dimensional characteristics (Gopher & Donchin, 1986).

A number of models have been developed to explain how man can do
two things at once, but the essence of the major theories is that the
human information processing system is finite. Man has a finite
capacity or capacities for processing and acting upcn information;
different task situations require different levels of capacity
expenditure (Gopher & Donchin, 19€6). In t»rms of mental workload, an
individual in a high workload situation has little or ro “spare capacity"
to cope with an additicnal “ask or responsibility. Alternatively, the

individual in a low workload situation has a virtually untapped capacity.

u ‘.‘- .;

!

. A At AR
‘ \a\."..’, .! - f

e R A

T T e o

"

Ty T e At aeAYAr et am At
PN --"" r“a‘.r" Pagass



“ PEERNARK R SRR AN P AT UN AN X W R AU PO TR 0 R TR TGRS WA WA N u ) W AR TR XML XN A O N N RXTRry ALY IR YUY (TRYXYY

f-’v’"la‘}-"h’_‘l’:ﬁ

) What the precise nature and location of this capacity or capacities is

P

has been a topic of considerable debate (Kantowitz, 1985; Navon &

- e N S

Gopher, 1979; Norman & Bobrow, 1975).

Many of the current workload measures are promising but, generally,

they have been validated primarily in laboratory environments under

H X
» ¥
E quiet, one G conditions. Each of these measures, grouped into ::
| subjective, behavioral or performance-based and physiologically-based ;
: ) methodologies, has its strengths and weaknesses. Because of the }
N complexity of the workload construct, it is doubtful whether any one of ;‘
K these three methodologies can completely and adequately describe mental ;
i workload associated with any task in any situation or environment. The ;
. combination of all three approaches might be required to characterize i
i the total workload. All three of these methodologies will be reviewed. r:
R Subjective Measurement of Workload
; A subjective measure of mental workload is one that is based on a '%
: subject's direct estimate or comparison judgment of the workload experi- "
‘ enced at a given moment (Reid & Nygren, 1988). Subjective measures '[
; require operators to judge and to report their own experience of the ‘
? workload imposed by performing a particular task. Rating scales are a :
'; frequently used version of this technique and subjective measures are .
2 the most frequently used method for workload assessment (Williges & f‘
Wierwille, 1979). Subjective workload measures are popular because of ﬁ;
j ' several reasons. First, subjective measures enjoy high face validity. f
L [f operators voice their opinion that the operation of a certain system ?l
: requires too much work then design alternatives are usually found. E
‘ Secondly, subjective measures can be more direct than many of the other )
¢ '.'
" 5 %
» ¢
¥ ’,
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measures. Humans are excellent integrators. Whether it's judging a
decrease in the temperature outside, beautiful women, or an ice skating
routine in the Glympics, humans show a remarkable sense of placing

things on an ordinal scale. Some researchers (Johanssen, Moray, Pew,

Rasmussen, Sanders and Wickens, 1979) have even concluded that if an

Lot o o

operator believes he or she is task loaded and under stress in a situa-

tion, then one must conclude that he or she actually is, regardiess of

what other measures or indices are indicating. Finally, the ease of

-~

using and obtaining subjective measures makes them very adaptable to
operational environments. Very little, if any, instrumentation is
required and the timing of data collection can be tailored to fit the
particular operational environment. Scme of the disadvantages of

cubjective techniques include factors that cen influence the degree of

L e

Yoad actually experienced by the operator (e.g. confounding of mental

; and environmental stressor) and methodological constraints that can
D influence the reported levels of load, such as delay in reporting
workload ratings (0'Connell & Eggemeier, 1986).

A Sutjective Workload Assessment Technique, or SWAT technigue has
now been developed (Reid, Shingledecker, Nygren & Eggemeier, 1981).
SWAT is a scaling procedure that has been developed for use in applied
settings. What distinguishes SWAT from most other subjective rating
methods is that it was rigorously developed to be rooted in formal
measurement theory, specifically conjoint measurement theory (Reid §&
Nygren, 1988).

SWAT has three dimensions. The first dimension is Time Load, which

means both the time available to perform a task or tasks as well as task

!.“‘ ﬁ‘.“f‘)*"‘ G . h{\.-l"\”i”\."\"‘-" ‘f‘f‘f"ﬂ" g '\.-\'-" ™ W -.'\ \*\ '\'h\*'\ ™ A \(\ \a\¢'i - '-"\'
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overlaps. The second dimension deals with task factors such as diffi-
culty, complexity or effort; this dimension also encompasses the concept
of mental capacity or capacities referred to previously and termed

Mental Effort Load. Mental effort load involves such processes as

performing calculations, making decisions. attending to information
sources, placing information in short-term memory and retrieving i%
retrieving relevant information from long-term memory and estimation.
The third dimension encompasses a number of operator variables such as
motivation, training, fatigue, health and emotional state. This dimen-
sion may be represented by such specific stressors as fear of physical
harm, fear of failure, tension, unfamiliarity and disorientaticn, to
name a few. In addition, physical stressors such as temperature,
vitration, G-forces and noise may also be a scurce of irritation to the
operator when they are pfesent at low levels and performance blocks when
present at high levels. This type of workload effect is called Psycholc-

cical Stress lLoad and is defined as anything that contributes to the

operatcr's confusion, frustraticn and/or anxiety. [In SWAT, subjects are
instructed to reflect the effect of the physical stress effect in this
“catch-all" dimension as either low, medium or high. Conjoint measure-
ment's power liec in the fact that it uces only observet ordinal or rank
order information about the complex construct in order to empirically
establish a combination rule that fits & respondent's data.

The combination of these three dimensions with & three point (Tow,
medium, high) rating scale, results in a three dimensioral-workload
construct, resewbling a 27 :ell cube. Each of the cells of this cube is

represented by a combination of one descriptor for edch ot the

._ ---,- LI L] LRI VY b " ---\.-- .
'u ‘ 'o 0'- -l‘c Y. .. o,l'. |.. 0,4%0.9%) 1% .\ ¢ ').‘ e, V0" {.{“-I‘ " " ’\’\"N"\-‘F'\. "‘ ‘."\ \J\‘ "F‘

"y -

Yo

s RUJE g
xR

S ]
AR

: AN A
.'i&';ﬁ ot EA,

P s
LelN SN

d
e -~

-

CarSar4

w -
£l 2

AL S

.

k4
<

207

LA

&



AN SR U AU A VX VYU R LW P R W NN TR IRTp P P WL W 49 3°4.2°0 0 0.0 8.0 Ta@ e Vol ¥ “ads*, TR N OV OVUYY

dimensions, yielding a total of twenty-seven cells or combinations.

These descriptors are typed on a set of index cards so that each cell is

represented by a separate card. This deck of cards is the medium

employed in obtaining the rater's judgment of the relative workload each
combination represents to him or her. Subjects are required to perform

a card sort procedure where they place the cards representing the 27

cells of the three-dimensional matrix in rank order beginning with the

combination of descriptors that represents the lowest workload situation

(1, 1, 1) and ending with the combination that represents the highest

(3, 3, 3). The 25 cards between are rank ordered. This order is then

used for scaling the input data for the conjoint measurement analysis.

¢ The output of the conjoint analysis is an overall scale ranging from

0-100 which represents the combination of all three dimensions.

Subjects then respond to the task being evaluated with three numbers,

i one for each of the dimensions and ranging from 1 to 3; 1 is a low
workload, 2 is medium and 3 is high. These ratings on each of the
dimensions are subsequently used to identify the score on the overall

) scale of workload that had been derived from the card sort procedure.

As noted above, thece s3cores range from O to 100.
SWAT has been widely used in aircraft and control centers, beth in

: simulation as well as operational settings (Reid & Nygren, 1988). SWAT

has been demonstrated to be a pnst-hoc scaling procedure that ailows

meaningful assignment of numbers to individuals' subjective impre<cions
cf the mental workload assvciated with performing various tasks. [t has
been used to evaluate workload associated with both short duration (less

than 60 seconds) as well as relatively long duration (up to 15 minutes)

! N
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tasks (Reid & Nygren, 1988). SWAT has not been used in the past to “f
separate out the effect of physical stressors (such as acceleration, E'
noise and vibration) on mental workload and its overall utility in the t
biocenvironment (heat, cold, vibration, acceleration, impact, noise and Ef
fatigue) has yet to be evaluated.
Behavioral or Performance-Based Workload Measures "i
Performance-based measures develop an index of workload from some :
o
* aspect of operator performarice. There are two major types of performance- '"
based measures (0'Oonnell & Eggemeier, 1986). Primary task measures can ~:
indicate the adequacy of operator performance on the principal task or i{
system function of interest (e.g. the number of bombs on a target during !
i
, a training run made bv a pilot flying an aircraft). Secondary task ag
measures are based on the overator's ability to perform an additional cr ﬁ
\
) cecondary task (e.g. responding to a radio communications task) concur- !
! rently with the primary task of interest (e.g. dropping bombs). iéf
In the single primary task measure appreach, a single aspect of 3?
primary *task performance (reaction time, number of errors, tracking ﬁ:
; Py
error score) is used as the index of workload. The use of single Ez
primary task measures of workioad has produced some instances in which SE
levels of load induced by manipulation of task difficulty were discrim- :
; inated, and others in which they were not (0'Donrell & Eggemeier, 1986). ::
V A very frequently used workload assessment procedure is seconddry EE
task methodoloqgy which requires concurrent performance of two tasks by !’
the operator, The primarv task is the activity of central interest :jt.
y faropping bombs) and an estimate of primary task workload is derived E‘
K&
- :
! 7
) .J'
! e
b
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from performance of an additional task (e.g. communications). The 9}
secondary task workload methodology is often used to measure the >
L
presumed spare or reserve processing capacity left over by a primary it
t
task. Ore derives this measure from levels of performance on the o,
L
secondary task, which serves as a index of the spare capacity which is 2
available while the operator performs the primary task (0'Donnell & :i
i
N
Eggemeier, 1986). Two major categories of secondary task methodology »f
(Knowles, 1963) can be distinguished by emphasizing either the primary v
L]
or secondary task performance: (a) the loading task and (b) the §
L
)
subsidiary task paradigms. In the former category, the operator is ‘ﬁ
!
instructed to maintain seconcdary task performance, even at the cost of )
primary task performance. This technique assumes the operator will f;
shift his/her attention from the primary task to the secondary task éf
A\ _\: :
causing breakdowns in primary task performance. The latter category, E’
the subsidiary task paradigm, is the more frequent application of the ;f
secondary task technique and is a measure of capacity. Operators are ; 
>
instructed to avoid degraded primary task performance at the expense of N
]
the secondary task. The secondary task in this category is not used to 3?
load the primary task, but rather, is used to determine how much addi- N}
'h.:
tional processing can be undertaken while the primary task is being By
|
performed at single task baseline levels (Knowles, 1963). R
o t
Performance measures, as do the other workload methodologies, give . t*
o
relative measures of workload. [f the primarv task is a reaction time t
L
task, for example, a mean reaction time can be calculated based upon the )
e
number of trials and subjec*s. If the addition of a secondary ta<k \$
)
results in a 20% longer mean reaction time for the primary task, this -2
o~
By
10 A
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increase can be considered a relative measure of increased mental

workload. One should not say mental workload increased 20% because if

PP

one were to measure the workload with another performance measure (such
as number of errors), there may not be a 20% increase (in errors).
These increases have not been demonstrated to be linear functions and,
most likely, they are not. Performance-based measures do provide the
researcher with the ability to compare relative increases in workload
and, if used carefully, cun be quite diagnostic in certain situations
(0'Donnell & Eggemeier, 1986).

Physiologically-Based Workload Measures

Physiological measures infer the level of workload from some aspect

! of the operator's physiological response to a task or system demand

(0'Donnell & Eggemeier, 1986). These measures may include central

nervous system responses (e.g. the event related potential measured from

*he scalp), autonomic responses (e.g. pupillary reflex) or periphera’

X measures (e.g. eye movements and muscle activity). The principal

physiological variables recorded for workload analysis include measures

of brain function (elec*troencephalogram or EEG), eye function {electro-

! oculogram or EO0G), cardiac function {(electrocardiogram or ECG or EKG)
and muscle function (electromyogram or EMG).

: - The EEG recorded from surface electrodes placea directly on the
scalp is a practical procedure for directly tapping the brain's activity
during the performarce of a task (Q'Donnell and Eggemeier, 1986). Some

l, attempts to quantify the amount of EEG power in specific bands (e.g.

alpha, beta, theta and deltu; of the EEG spectrum have been attempted;

these have been generally disappointing as indications of workload,
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except where overall activation clearly changes as a function of the

-
.

load imposed. The development of the cortical evoked response, on the
) other hand, has shown some promise in assessing specific workload
variables. In the transient cortical evoked response technique, stimuli
are presented at a relatively slow rate, such as one second or longer
b between stimuli. This approach allows the effects of the stimulus on

brain activity to dissipate prior to a second stimulus and the transient

o o

response of the brain is, therefore, isolated in the evoked response.

The first 250 milliseconds of the response have been related to sensory

e e

characteristics of the stimulus, such as image sharpness, color and

-

intensity (0'Donnell, 1979; Regan, 1972) and to scme early cognitive

events.

- ey

For workload research purposes, it is the third major positive peak

PR
)

of the evoked response that is of interest (Figure C6). This peak,
called the P300 or P3, frequently occurs in the time period between 250
and 600 milliseconds, depending on the task. Numerous studies have
confirmed that the P300 is elicited only when the subject is actively
processing information, and that it is elicited only by stimuli which
have some relevance to the task being performed by the subject !(Beck,

K 1975). The amplitude and latency of the P300 wave appears to be

sensitive to different aspects of the stimulus situation; amplitude has

-

been shown to vary monotonically with stimulus probability and is

directly proportional to the degree of subjective surprise at the
il appearance of a stimulus (0'Donnell & Eggemeier, 1986). The latency of
the P300 wave has been suggested as indicating the amount of time the

; subject takes in evaluating a stimulus (Donchin, 1981). The latency and

12
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b
3
3
amplitude of the P300 may be used to assess differences in task-induced ",E
difficulty of processing and responding to information. ..,
One relatively standardized paradigm has evolved for evaluating the ;:?
P300 which has been used in applied situations. The "oddball” paradigm ":‘
(Gopher & Donchin, 1986) allows assessment of certain types of workioad 3
analysis of the P300 amplitude generated to a relatively nonintrusive "'
secondary task. The typical procedure involves the presentation of an 33:
’ audio task through a headset to a subject who is tracking or performing 3
some task. The audio task usually involves two tones, one high and one "
low, with one tone occuring more frequently than the other. The subject \'»}
: is instructed to attend to the rarer tone and to count the number of !
f times the tone occurs during a visual-motor task. The P300 amplitude to L':
the rarer tone is then obt?ined and analyzed; this amplitude has been \

shown to vary as a functicn of a number 01; conditions, such as task i\;

: difficulty, task relevance and occurrence of the rare tone (Caonchin,
1981). -
. Physiological measures other than the P300 include eye blink and L,
: blink duration, heart rate and blood pressure. Measures of closure v.
duration and blink pattern have been successful indicators of :

i time-on-task effects that might indirectly index levels of workload ;-
.: (Oster and Stern, 1980). One of the problems plaguing eye blink dura- E
. tion and blink frequency analysis is that it is difficult to determire :
, whether the observed effects were truly due to workload differences or :
; simply resulted from changes in motivation or fatigue (0'Donnell & :
Eggemeier, 1986). The EKG, blood pressure and other factors relating to :t

cardiac functicn have all been used as physiological indices of stress .}&

. K
§
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or workload. Heart rate has been the most widely used indicator of
workload, since it is relatively easy to obtain and had been shown to be
a sensitive workload measure (Blitz, Hoogstraten & Mulder, 1970; Boyce,
1974; Hasbrook & Rasmussen, 1970; Xalsbeek, 1963, 1968, 1973; Krzanowski
& Nicholson, 1972; Spyker, Stackhouse, Khalafalla & McLane, 1971;
Stackhouse, 1973, 1976). Heart rate and heart rate variability are
promising but are considered by some to be unvalidated measures of
workload (0'Donnell & Eggemeier, 1986). Other physiological measures,
such as the muscle EMG, are not directly related to cognition but have
shown promise as indicators of mental workload.

The EMG has been used to obtain a measure of "mental work," or
tension in a muscle not directly related to the visual-motor task being
performed by the\subject. For assessing mental workload, the relatively
static tension level of a musclé not directly involved in task perform-
ance is usually monitored (0'Donnell & Eggemeier, 1986). Researchers
have placed electrodes on a limb not being used in the task or on
another muscle such as the neck or forehead and general activation
theory (Duffy, 1962; Malmo, 1969) predicts that an increase in mental
work or stress will be accompanied by a corresponding increase in the
EMG tension level. Because there is condiderable variability in the EMG
absolute values between subjects, the EMG, to date, has not been consid-
ered a simple, diagnostic measure of menti1 workload (Jex & Allen, 1970;
Spyker et al., 1971).

Like performance-based measures, physiological measures give
relative measures of mental workload. Increases in one measure, such as

heart rate, P300 latency or P300 amplitude as a function of task or

14
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effect is that noise can distract; the other effect is that noise can

arouse the operator. If noise acts to arouse the operator, one might ]

expect improved reaction times and better visual-motor performance under

noise stress compared to the ambient, noise-free environment condition. W
Subject performance under acceleration stress is a function of the

+GZ level and task difficulty. Regardless of the task difficulty, as

-
sustained acceleration levels begin to approach man's G tolerance, the b{

. human must expend all of his energy and attention in maintaining con- ;-
sciousness and cannot perform a concurrent visual-motor task. In ‘3

general, for those G levels (less than 9 GZ) up to man's acceleration g&

tolerance level, the human can share his resources that he must expend !'

in maintaining eye level blood pressure and consciousness with those
resources required in performing a visual-motor task. ‘)
From the review of the workload, noise and acceleration performance

| literature, relatively little data exist concerning the effect of

N
\
biodynamic stressors on workload. In addition, because of differences b
across studies, no capability exists to compare effects of the stressors -
h,e
on the range of performance. What is needed are systematic experiments g
4 » . . . ‘ ‘
) to determine the effect of sustained acceleration and noise on human &
1
: performance and workload, with noninvasive physiological parameters ;
. . -
measured and correlated to performance and to both subjective and b,
i - 3 . '.
| objective measures of mental workload. }&
b)
)
| 3
B
&
e
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o
physical stressor can be calculated and used to compare against another 51
task or stressor. A 20% increase in heart rate cannot be equated with a »
{
O
20% increase in mental workload, however, if one task causes a 20% hﬁ
||.
increase and another task under the same condition causes a 5% increase, '3:
!n'l‘
one can argue that the former task imposes higher mental workload. In
:¢
addition, these increases, or decreases, in physiological measures are N
most likely nonlinear. ' ‘ﬁﬁ
In summary, mental workload refers to the demands imposed by the )
system on the operator's capacity for processing information and acting ;u
on it {(Gopher & Donchin, 1986; 0'Donnell & Eggemeier, 1986). Various :?:
b
methodologies exist for measuring mental workload; each has its ®
strengths and weaknesses. Under certain conditions, it is the }h
5
combination of two or more of these methodologies that best describes P
the workload of the operator. >
Noise and acceleration affect operator performance (Appendix E). f:;
£
Such changes in performance can be interpreted or perceived as increases i:;
o’
in mental workload. In order to understand the effect of physical
"“
stressors on mental workload it is worthwhile to review the effects of i 4
<
these stressors on human performance. .
Bl
Human Operator Performance in Noise or Sustaired Acceleration ‘r
Ll
Environments Vot
. o
A number of studies have been performed on humans performing in i
L)
either a high noise (100 dB) or sustained acceleration (greater than 3G) N
environment. These studies are reviewed in Appendix E and summarized A
L%, %
here. i
.;E
Noise stress appears to have two distinct effects on humans. One :
) ’
N
l\‘!
I\.l
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ITI. RESEARCH PLAN

The principal objective of this research was to determine the
effect of biodynamic stressors on human mental workload and performance.
In view of the described status of workload research it was decided to
measure mental workload with techniques from all three of the basic
methodologies used in order to assess their utility in the biodynamic
environment.

The utility of all three workload methodologies was evaluated by
having the subjects perform a dual task. The dual task accomplished two
objectives: 1) it provided the source of workload that was recorded and
measured and 2) changes in primary and secondary task performance were,
in themselves, measures of mental workload. Dual task performance has
been found to be a sensitive, diagnostic tool in determining one's
reserve processing capacity (0'Donnell & Eggemeier, 1986).

Prior to developing the dual task, comprised cf primary and
secondary tasks, the limit and extent of noise and acceleration
exposures were defined and an experimental design was developed. The
desire was to be able fto find differences in subjects' mental workload
as a function of increasing task difficulty and increasing stressor and
to verify these changes, statistically.

Selecting the Stressors
The typical Air Force or Navy pilot is subjected to a number of

biodynamic stressors including heat, cold, vibration, noise, acceleration

17
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and fatique; he must be able to perform in these stressor environments.
Sustained acceleration was selected as one stressor for investigation
because it is, perhaps, the most typical environment in which the
fighter aircraft pilot must perform., During air-to-air engagements and
air-to-surface weapons delivery, pilots spend important time periods at
levels greater than 1G. Several researchers {Gillingham et al., 1985)
have determined that during mock air combat tactics exercises involving
the F-5, F-16 and F-16 aircraft, these latter two aircraft spent on the
average, 20 seconds per engagement at or above 5G. Mean engagement
durations were 60 seconds. Based upon these results, one minute periods
of performance under sustained acceleration were considered
representative for this research. Maximum acceleration levels for the
subjects were based on the relaxed G tolerances of the subjects rather
than their maximum straining, protected G to1erances.‘ The reasons for
using the relaxed G tolerances rather than the protected, straining G
tolerances of subjects is explained under experiment Il in the Methods
section,

Noise stress was selected as an operationally relevant stressor,
because it is present in all aviation jobs. Noise levels as high as
approximately 120 dB A-weighted noise level have been recorded in the
cockpit of an F-16A aircraft cruising at 5000 feet and 488 knots
indicated airspeed with the environmental control system on, or the
defogger on maximum speed (Hille, 1979). The helmet (HGU 26/P with
custom helmet liner) effectively suppresses this cockpit noise level
approximately 20 dB A-weighted. Noise levels ranging between 90-120 dB
A-weighted are not uncommon in the F-16A cockpit (Hille, 1979). Since

maximum noise exposures approach 100 dB A-weighted measured at the ear

18
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of pilots of these high performance aircraft and Air Force Regulation
(AFR) 161-35 (Aerospace Medicine: Hazardous Noise Exposure) states that
more than 30 minutes/day exposure to 100 dB A-weighted noise can result
in permanent hearing loss, it was decided to select 100 dB A-weighted as
the upper limit of noise exposure for human subjects for this research.
Levels higher than 100 dB A-weighted noise would impose exposure
limitations of less that the 30 min/day on the subjects which would have
been impractical and unrealistic.

In order to be able to compare the upper limits of the acceleration
and noise exposures with baseline, or no stress, levels it was decided
to have ambient conditions. In the case of noise exposures, ambient was
defined as a "no noise" (low noise) condition in the centrifuge cab with
the subject wearing a headset but with no noise generated in the
headset. The ambient noise level in the cab was measured to be
approximately 60 dB; because the headset attenuated the cab noise
approximately 20 dB, ambiert noise level at the ear is defined as 40 dB
A-weighted. For acceleration exposures, the ambient condition was the
baseline, or minimum rotatirg, acceleration of the centrifuge (1.4 G '.
Medium stressor exposures were also selected in order to give three,
rather than two levels of stressor for analysis.

The addition of a medium stressor level for analysis purposes gave
insight into the action of the stressor at nther than the extreme
Yimits. The medium stressor level for noise was selected as 9C dB
A-weighted; medium acceleration stress was selected as ! G less than the
maximum relaxed subject and tolerance. These medium levels were based

on best estimates by the researcher as providing nominal stressor

conditions.
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Development of a Performance Task

The tracking task described by Repperger (1984) and used extensively
in centrifuge studies at the Armstrong Aerospace Medical Research
Laboratory was selected as a primary performance task (Figure 2). The
compensatory tracking task has been shown to be sensitive to the effects
of G stress (Burton & Shaffstall, 1980; Perez, 1986; Repperger, 1924;
Rogers, 1973). Subjects tracked a vertically moving target aircraft and
attempted to place the pipper (Figure ?) directly over the aircraft as
it moved in an unpredictable fashion on the display. The control stick
controlled the movement of the pipper. A seconduary task for the
subjects to perfarm in addition to the primary task was selected because
it is an effective means for increasing the difficulty of the required
performance and it provides a measure of mental workload. As the
secondary task performance degrades while maintaining primary task
performance, one can relate the deqraded performance to a decrease in
reserve processing capacity and an increase in mental workload. Because
it was desirabie to have a secondary task that was operationally
relevant, such subsidiary tasks including the audio "oddbali" (Gopher &
Donchin, 1986) or recalling letter sets were reiected. What was
selected was a relevant secondary task.

Subjects monitored a Radar Heming and Warning Display (Figure 0 in
which various symbols appeared and disappeared just to the right of the
pipper and the subject used short-term memory to retain and act upon the
various targets and "threats.” This task tapped cognitive resources of
the subjects and was accepted by the centrituge subjects as face valid.

Radar Homing and Warning Displays (RHAW) are located on the instrument
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panels of fighter aircraft and help the pilot track and monitor friendly ?2
and threat aircraft through the use of radar. The subjects' interaction :%
with this task was implemented such that no excessive manual operations ﬁg
were required, such as pushing buttons with the non-tracking hand. Such E’;
manipulations could have possibly been confounded by accelerative forces oy
and the objective of this research was to observe the effects of acceler- ;2;
e
ation on the cognitive skills of the subjects. The secondary task was ;E;
* implemented via the trim switch already located on the force control :,
stick used by the subject for tracking. i ‘
During a pilot study (described in Appendix D), two levels of ;f
difficulty for the primary tracking ftask and two levels of difficulty ‘:
for the secondary task were selected. Each of these levelc were Eé
incorporated into the dual task conditions and also into primary task- g?
alone and secondary task-alome conditions. As explained iﬁ Methods and !;
Materials, combinations of these factors resulted in eight tas" EE{
conditions. :f,
. :R \

Development of the Experimental Design L,
An experimental design was developed as part of the research plan 5:‘

to incorporate the performance tasks and stressors, such that all ?ﬂ
performance tasks were performed at all stressor levels. This gave a ?_.
range of effects of the stressor on the task and resuited in a range of gig
measures of mental workload. 5%

In order to establish confidence in the results, as many qualified

o

subjects as possible were used. Because all subjects had to be members

of the Sustained Acceleration Stress Panel, the maximum number of

TN

subjects available durirg this research was 10. MNine subjects
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participated ir the study. Nine subjects completed experiment l; eight
compieted experiment I[. The 95% confidence intervals and least
significant differences discussed in the statistical methods section are
based on nine subjects for experiment I and eight subjects for
experiment I1. Subjects performed, on the average, for one hour per
day, including instrumentation ard check-out time.

Because subjects would become fatioued 1f they were reguired to
perform for more than one hour at a time and fatiqgue was not ore of the
variables investigated in this research, tota! subject performance per
day was limited tc one hour. These relatively short performance periods
with breaks between exposures should have minimized any faticue effects.
In developing the experimental cdesign, there were two stressors {(ncise
and acceleration), three levels of stressar (low, medium, high), *hree
primary tracking task cocnditions (0, 1/S, 1/32) and three secondarv task
conditions {0,2,4 targets). Since the no plant-no target condition was
not evaluated in the presence of the stressor, this factor was not
2saluated, re§u1ting in eight tasks. In order to assess the effects ¢of
the stressors independentiy it was decided to have 'wo experimerts. The
purpose of the first experiment was to assess the effects of ncise on
mental workload and the purpose of the serond experiment was 10 assess
the effects of sustained accelevation on mental workload.

Design of Experiment I - Thero were 27 poscible combinations of
primary *task, secondary task ancd noise level in the factorial design
selected for this experiment. Because the no plant-no target condition
was not conducted in the throee noise levels, ¢ combinations of tacks

and stressor wore developed (Table 1). The goals of this design were
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1) to present the noise levels in combination with the primary and
secondary tasks in a balanced fashion, with no two noise levels
experienced twice in a row (in order to preclude any detrimental effects
of two back-to-back 100 dB exposures), 2) to treat all noise levels as
equally as possible and, 3) to give an even distribution of the

simpie secondary task-alone condition among the 24 combinations, giving
subjects a mental break during the experiment. The 24-one minute
combinations with a 30 second break in between each combination resulted
in a 35 minute experiment with subjects exposed to 100 dB A-weighted
noise for only eight minutes/day. This was well within the 30 minute
exposure maximum allowed in AFR 165-35, explained previously. Subjects
trained on the 24 combinations over several days; each subject practiced
en the 24 combinations/visit. If their scores were within 5% of the
previous day's score., they began actual data runs the subsequent day.

No subject took more than four practice sessions for training to this 5%
criterion,

Subsequent to training, subjects completed two data collection days
performing all 24 combinations (Table 1). Their results over the two
data days were then averaged to arrive at means for all 24 combinations.
Analysis of the resulting data is discussed in the Methods and Materials
section,

Design of Experiment Il - The same philosophy from experiment I
was carried forward to experiment II. No two G levels were experienced
back-to-back, all G levels were treated equally in terms of combinations
and there was an even distr.bution of the simple-to-perform secondary

task-alone condition, in order to give the subjects a mental rest. The
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24-cne minute combinations were split over a two-day period in
experiment II (Table 2) in order to reduce the possihility of fatiguing
the subjects. Subjects were given a one minute break between
acceleration exposures in order to allow heart rates and other
physiological variables to return to a resting level. Because these
were relaxed subjects, heart rates did return to normal within 60
seconds after each exposure. All subjects received at least one
training session under acceleration; nine one-minute tracking exposures
were given with three at baseline, three at Tow G and three at high G.
Once the experiment started, each subject experienced 12 exposures plus
11-one minute breaks for a total of 23 minutes/experiment day. Subjects
entered the experimental design in either group 1 or group 2 (Table 2)
and started with a low or medium G level and not a high G level. This
gave the subject a “warm-up" to the high G condition which placed the
subject at or near his physiological limit to relaxed G toierance. The
subject then progressed either forward (F) or in reverse (R} orcer from
this combination. This sequence is explained further under Description
of the Experiﬁents in the Methods and Materialc section.
Selection of Mental Workload Measures

A1l three of the widely used mefital workload methodologies
including subjective, performance and physiologically-based measures
were evaiuated. The objective was to determine how well each
methodology agreed in the stresscr environment and whether or not
stressors affected each methodology in the same way. All three of
the methodologies are well-7ounded in the one G, noise-free envircnment

but their utility in the "stressor" environment remains, essentially,
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unproven.

The subjective measure selected was the SWAT. SWAT was selected

because there exists a wide data base on its use under a variety of both

normal and abnormal conditions (Reid & Nygren, 1988). In addition, the
experimental design lended itself conveniently to the concept of the
SWAT, with subjects providing a SWAT rating between the 24 trials.

Performance-based methodology selected included both the primary
and dual tasks. These weidely used measures have been relatively
successful in determining reserve processing capacities in subjects
(e.g. 0'Donnell & Eggemeier, 1986). Performance-based measures
included primary tracking task error score and secondary task per-
formance on the RHAW display (percent hits). Reaction time is another
performance—baseq measure that provided anlindex of processing load in
the subjects. Reaction time and a real-time form of the reaction time
or man-machine response time (MMRT) were also recorded. MMRT is ex-
plained in Appendix B.

Physiological measures selected included those which have been
widely uced and are nonintrusive and relatively easy to record. The
intent was to observe changes in these measures as a function of

increasing mental workload and to equate increases in heart rate, for

example, to increases in SWAT or increases in performance-based measures

such as error score. Physiological measures recorded under noise
exposures included heart rate, P300 latency and amplitude, total eye
blinks and blink duration, mean arterial blood pressure and forearm EMG.
Physiological measures recorded under acceleration exposures included

heart rate, P300 latency and amplitude, total eye blinks and blink
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duration, forearm EMG, percent arterial oxygen saturation and percent

temporal artery blood flow velocity. Four of these measures, (EKG, EOG,

EEG or P300 and EMG) were recorded and analyzed on the Neurological

Workload Test Battery (explained and pictured in Appendix C).

Selection of Stressful Environments

The expermental design was based on three levels of stressor.

The extreme limits of the stressor were based on typical cockpit

e S T

exposures and AFR 161-35 in the case of noise exposures (40 dB, 90 dB &

W 100 dB) and on the relaxed G tolerances of the subjects (1.4 Gz’ 2.75 GZ .

Y & 3.75 GZ) in the case of acceleration exposures. The rationale for ¢

using the relaxed G tolerance of the subjects rather than the straining

tolerance was 1) electrodes recording EEG, EOG, EKG, and EMG would be

less likely to be contaminated with muscie artifact due to subject

straining and, 2) the effect of sustained acceleration on the human

without any countermeasures (e.g. anti-G suit or straining maneuver)

could be established.

[n addition, as a first attempt to record mental

workload measures under acceleration stress, a conservative approach to

Future studies will be directed

stressing the subjects was taken,

toward recording physiological measures from active, straining subjects

under high (greater than 4G) acceleration stress. The technique for

establishing the relaxed tolerance is explained in Methods and

Materials.

Protocol

The following protocol was followed by subjects participating in

The following outline is an example of the protocol

these experiments.

followed by subjects during the acceleration phase.
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I. Instrumentation of the subject and physical exam
A. Subject arrives for experiment
1. Undresses and dons flight suit
2. Physician checks diet and blood pressure of subject
B. Principal investigator and medical technician instrument
subject
C. Subject debriefed by Principal Investigator about what the
subject will be doing
[I. Subject insertion in the cab and checkout
A. Centrifuge floor crew (technicians) insert subject into the
centrifuge cab, strap subject in and connect instrumentation
leads tc appropriate amplifiers
B. Subject is allowed to practice tracking for five minutes while
signals from the centrifuge into fhe medica] monitor room are
verified
C. When the subject, principal investigator and physician are
ready, data collection begins .
ITI. Data Ccllection
A. Subject is told in advance what task he can expect and at what
G-levei
B. The neurological workload test battery operateor initiates
recording with the onset of the 60 second task presented to the
subject
C. The subject experiences 12-60 second tasks with a one minute
rest in between each exposure. (Subjects returned another day

to complete the other 12 exposures)

-

R R SR R



D. Subsequent to each exposure the subject gives a SWAT score

E. The subject's performance score (tracking error score and
number of targets hit) is presented on the crt 15 seconds prior
to the start of his next task

F. After the subject has compieted all 12 exposures he is removed
from the cab and returns to the medical exam room.

IV. Subject debriefing and physical exam

A. The physician examines the subject subsequent to the data
collection and all electrodes are removed

B. The subject's next visit to the centrifuge is scheduled and the
subject leaves

In summary, a factorial design was selected with subject, task and

stressor as the factors. Two stressors were selected for comparison
reasons and the stressors were evaluatéd at low, medium and high levels
in order to give three points for analysis. The experimental design was
based on all subjects completing all twenty-four randomized combinations
of primary and secondary tasks such that no two stressor levels or tasks
were presented back to back. Workload measures selected were based nn
the three widely used methodologies and those measures which have been
shown to be sensitive and diagnostic.

Analysis of Data

After the data were collected, means and standard deviations of all
of the variables were calculated across task and stressor and these
numbers were analyzed via analysis of variance (ANOVA) with task and
stressor as fixed factors arni subject as a random factor. The least
significant difference (LSD) procedure (Daniel, 1983) was used to

determine pair-wise differences for task, stressor, plant and target.
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This procedure uses t-tests with a .05 per comparison error level. The
means were then plotted with 95% confidence interval bars in order to
give a picture representation of the LSD procedure and to give the
reader the ability to see, pictorially, significant differences in the
means as a function of stressor or task difficulty. These procedures

are discussed more thoroughly in the Statistical Methods section.
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IV. METHODS AND MATERIALS “n
3
)
Description of Experiments =
Pilot Study ’:
A pilot study was conducted to select the performance tasks for the , vé
l.,
study (Appendix D). The criteria for selection of the tasks were trat 'y
. [ ]
the tasks should be short in duration, demanding, easy to score and face "&
® »
valid. The pilot study was necessary to define the range of tasks é?
Y
and to select the workload measures to be used in the research. The y
A ®
pilot study resulted in the selection of two levels of dirficulcy Tor a el
o
Y
! - - ’I
secondary task (two and four targets) and two levels of difficulty for ‘4
ol
the primary tracking task (1/S or velocity plant dynamics and 1/S2 or ;;,
»
acceleration plant dynamics). When ccmbined with targets-alone and \5
-‘
tracking-alone conditions, eight tasks resulted. These tasks are Qﬁ‘
describec below under Description of the Pertformance Tasks. g%
) ®
Experiment [ - Noise Exposres S
ol
The objective of experiment [ was to have subjects perform the ‘C:
!
. . ‘ . N,
eight tasks selected from the pilot study while exposed to three differ- h;
. : . ) . ®
ent levels of ncise stress (24 combinations of task and noise) &nd to TN
(V.
determine the effect of noise on workload measures. Nine subjects -
<
. o
participated in experiment I and all 60 second task exposures were &
performed in the cab of the centrifuge (Figure 1), Al) subjects hag ) ? .
M
f‘ o
normal hearing audiograms as determined by examination with a TA-Z0 A:~
N
. . . I3 . - I3 l-'
Automatic Audiometer. Pink noise, which is characterized by equal N
energy per octave, was generated by an audiometer and transmitted :
.‘,\-
30 :::.N
Y
o
L4
K,
- - AT R A, -« n T AT T Rt AT T W o T T CAN A a . " AL h'
WS Bt R e R AR b 2 RN M N A > FRN N (ORI AR R P



to the subject via a headset. Each subject completed two days of 24

combinations (Table 1) with a 30 second rest in between combinations.

A1l combinations were randomized such that no two high noise levels were
experienced back to back (Table 1). Referring to Table 1, on days 4 and
5, subject 1 began data collection on Day 1 and started with combination
1 and progressed through combination 24 in the forward (F) direction.
On Day 2, he started with combination 24 and progressed through combin-
ation 1 in the reverse (R) direction. The ambient/no noise condition
was evaluated by leaving the audiometer turned off with no noise coming
through the headset. This resulted in an approximate 40 dB A-weighted
sound level between the headset and the subject's ear, as explained in
the Research Plan section. Mean SWAT, tracking error scores, percent
targets hit, reaction times to targets, arterial blood pressure, heart
rate, total eye blinks, eye blink duration, P300 amplitudes and laten-
cies to target aircraft flashes and to threat targets as well as track-
ing forearm EMG were computed as a function of noise and task for
experiment 1 and reported in the Results.
Experiment II - Acceleration Exposures

The objective of experiment Il was to have subjects perform the
eight tasks selected from the pilot study while exposed separately to
three different levels of acceleration stress (24 combinations of task
and acceleration) and to determine the effect of sustained acceleration
on workload measures. Eight of the nine subjects from experiment I
completed experiment II. All subjects wore headsets which effectively
reduced cab noise almost 20 dB. The same 24 combinations used in

experiment I were followed in experiment [I, however, acceleration
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stress replaced noise stress such that high (3.75 GZ), Tow (2.75 GZ) and
baseline G levels replaced 90 and 10C dB A-weighted sound levels and
ambient noise conditions (Table 2). Furthermore, the 24 combinations
were then subdivided into two groups (1 and 2) and then randomized with
the constraint that no factor levels were experienced back-to-back.

The reason the 24 combinations were divided into two aroups
(Table 2) was so that no subject would experience more than twelve
acceleration exposures/day, with four of these at the subjects’ relaxed
high G tolerance level. Referring to Table 2, subject 1, for example,
began his Day 1 data collection in group 1, starting with combination
12. He progressed forward (F) in the combinations such that he experi-
enced combinations 12, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 11 on Dayv !
and then on Day 2 he started in group 2 with combination 8. He pro-
aressed in the reverse (R) direction starting with combination 8 such
that he experienced 2, 7, 6, 5, 4, 3, 2, 1, 12, 11, 10, and 9 to com-
plete his two data days. There was a one minute rest between each trial
to allow the subject to give a SWAT rating, to present him with his
performance s:.ore and to allow the subject's heart rate to return to a
baseline or resting level. The performance score was presented to each
subject following each trial in order to give the subject feedback
on his performance and to help keep him interested and involved with the
study. This technique was found to be beneficial in a previous workload
study on the centrifuge (Albery, Ward & Gill, 1985).

Although acceleration was the stressor during experimert [,
subiects were instructed to relax as much as possible throughout all

exposures. By relaxing, two objectives were accomplished: (1) the pure
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effect of sustained acceleration on each subject unconfounded by subject
straining could be observed and (2) all physiological recordings were
uncontaminated, as much as possible, by muscle strain artifact. Relaxed
G tolerance for each subject was established on a day prior to data
collection. Subjects' G tolerances were established via the widely-used
light bar method (Crosbie, 1984) whereby subjects experience increasing
levels of acceleration in a step-wise fashior until they lose peripheral
vision outside of a 60° cone.

The subject sat in the centrifuge cab (Figure &) and viewed a
semi-circular light bar 27" away and embedded wiih a series of light
emitting diodes (LEDs) spaced 1.5° apart. Bilateral pairs of LEDs were
illuminated and controlied by the subject as he deflected the cantrol
stick fore/aft. While attending to a central LED, the subject pulled
the stick aft and could illuminate the bilateral pair of LEDs at the far
border of his peripheral vision. The subject could actively track the
extent of his peripheral vision by controlling the deflection of the
control stick and, thus, the position of a bilateral pair of illuminated
LEDs.

As acceleration increased from 1 G, upper torso blood was pooled
into the lower torso of the subject, eye leve! blood pressure dropped,
peripheral vision was diminished and the subject deflected the stick
fore, moving the LEDs toward the center of the light bar. Loss of
peripheral vision was established at 60°; when the subject moved the
LEDs into this 60° cone, the G tolerance was recorded at that particuler
G level and the centrifuge was returned to the baseline (1.4 G) level.

Ouring G tolerance trials, each subject experienced a 30 second
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2.5 GZ exposure while tracking his peripheral vision. If he did not
lcse peripheral vision into the 60° cone defined by the 1ight bar, he
rested one minute and progressed to the next acceleration level, 3.0 Gz'
This 0.5 GZ increase procedure was repeated until a G level was reached
at which the subject moved the LEDs into the 60° cone.

The subjects' G tolerances for experiment Il are listed in Table 3.
The average relaxed high G tolerance was 3.75 G. This compares well
with relaxed G tolerances from the literature (e.g. Crosbie, 1984,
Gillingham, 1974). The medium G level used during experiment Il was one
G less than the subjects' high G tolerance level and was selected
because it was a level halfway between the high and baseline G level.
Baseline G levels (1.4 G) were the same for all subjects.

After establishing the subjects' G tolerance, the subject received
on the same day nine-60 second training exposures in the centrifuge.
Three of these randomly selected combinations were at baseline, three
were at their medium tolerance level and three were at the’r high G
tolerance level. Over the two data collection days, each subject
experienced the eight tasks at their high G tolerance level, at one G
less than their high G tolerance level and at baseline G.

Subjects

The subjects for experiments I and II were all members of the
Sustained Acceleration Stress Panel., A total of nire male subjects,
mean age 27, participated in both experiments. Eight of the nine
subjects completed experiment [l and all nine subjects completed

experiment 1. All subjects were right-handed, had 20/2C correctable

vision and were tested for normal hearing. There were no complaints
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received from the subjects concerning the quality of the visual dispiay.
During the SWAT card sort, these nine subjects tended to f&lT everly
into three categories; three of the subjects tended to emphasize the
psychological stress dimension in their sort, three emphasized mentai
effort and the other three, time load. Because of this even
distribution and a high Kendall's coefficient ¢f concordance, a general
group solution (Reid & Nygren, 1988) was used to scale all nine
subjects' ratings. The explanation and justification for the group
solution is not discussed here, but rather, in the SWAT User's gquide
(Reid, Potter & Bressler, 1988). No further anaiysis of the grouping of
the subjects' SWAT ratings was performed.

Subjects were motivated to perform at their best. A "Top Gun"
trophy was awarded to the subject who had the lowest error scores and
best seccndary task performance for both experiments I and II. The
incentive appeared to be successful in maintaining a high level of
performance in all! subjects.

Subjective Ratings and Instructions

Physiological variables to evaluate workload were recorded on the
equipment described, below. Performance-based measures of worklcad,
such as tracking error sccres and hits and misses of targets in the
secondary task were recorded on the centrifuge computer (Figure 3).
Subjects' subjective ratings were voice recorded after each noise or
acceleration exposure. SWAT ratings were used tc obtain a psychological
assessment of mental workload for each exposure. The three dimensions
of time load, mental effort and psycholcgical stress were divided into

high (3), medium (2) and Tow (1) ratings; each subject gave a SWAT
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rating immediately after each noise or acceleration exposure. These
ratings were then converted into one point on the overall 0-100 point
scale that had been previously developed via conjoint analysis to obtain
one number for each exposure for each subject (Reid, et al., 1988).
During those tasks where primary tracking-alone was being eval-
uated, the target aircraft flashed periodically to trigger the NWTB and
subjects were instructed to count and to repart the number of times the
aircraft flashed during the 60 second exposure. These tasks were not,
strictly, primary task alone as explained under the next section,
Description of the Performance Tasks. During dual performance tasks,
where subjects tracked and attended to the secondary task, subjects were
instructed to maintain their best performance on the primary task and

then to do their best on the secondary task with any spare mental

processing capacity or time they had available. Because the composite

error score used in computing the subjects' overall error score was
based on both the primary and secondary task scores, subjects terded to
treat the tasks almost equally. Composite scores were computed by a
method developed by the researcher by taking the subject's tracking
error score (for example, 20) and multiplying it times the ratio of
threat targets displayed during an exposure {such as 14) to the threat
targets effectively countermeasured, or hit (such as 7). Such a result
would agive the subject a composite score of 20 x 14/7 = 40 for one expo-
sure. Subjects were also instructed to give their SWAT rating within 15
seconds after eacn exposure and prior to the displaying of performance
scores on the crt for each trial attempted; this was done ir order to

preclude any influence of the subject's knowledge of his performance
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score in his arriving at a SWAT rating for the trial. During all trials Y
and exposures, subjects were instructed not to talk and during experi- [
l~

ment II, subjects were instructed not to strain against the acceleration N

stress. Subjects were given knowledge about the specific performance
task and stressor level prior to each trial or exposure. This was done

since the subject would have most likely known within the first ten

- e

PR,

‘t

seconds which combination he was performing, anyway. X

. Description of the Performance Tasks ’
N
The primary task consisted of a computer-generated target aircraft ﬁ;
gl
moving unpredictably in the vertical direction, unly; the secondary task '
was a modified Radar Homing and Warning (RHAW) display (Figure 2). The ’ﬂ
primary task was a compensatory tracking task in which the object was to {
)
null the error between the vertically moving aircraft and the pipper i
23]
(Figure 2). During the pilot study, three different types of control ,
ey

&y
stick dynamics for tracking the vertically moving aircraft were evai- by

o
uated in order to develop a wide range of task difficulty and mental ~)

workload. These types of dynamics included a pure gain (K) plant desig- \
o)

S
nated Pl, a velocity (1/S) plant designated P2 and an acceleration o~

; (1/52) plant designated P3. These three plant conditions provided a :
I

varied relationship between the deflection of the joy stick and the )

movement of the pipper. o

These tracking dynamics have been found to elicit a wide range of =
tracking performance from subjects (Repperger, 1984). When the subject f‘
: had pure gain control (K}, a displacement of the control stick caused ;f
; the pipper to move instantly in the direction of the deflection. This :j
o

was ¢ step-wise type of movement in that the pipper rioved from point to :

~l

h.

w
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_: point, almost instantaneously. When the subject had first-order control ’
! %
; (1/S), cerstant displacement of the control stick caused the pipper to %
y move at a constant velocity in the direction of the movement. Under the N
) LY
! more difficult second-order control conditions (1/52), constant displace- >
. ment of the control stick accelerated the pipper's movement. The
. L
‘ difficulty of the tracking task could be increased by changing the !
h . Gl
' forcing function, or speed, of the target aircraft. A forcing function Y
3 W
of 1 with either the P1, P2 or P3 plant created a slowly moving target, '
L,
; fairly easy to track; a forcing function of 5 with either the K, 1/S or .
) .
f 1/S2 plant resulted in a very responsive target, almost impossible to g
.

track accurately. These plants and forcing functions were mccdulated and

evaluated by subjects during the pilot study.

Secondary task (RHAW) difficulty could be modulated by changing the
number of threat targets (from 1 to 2 or 4) displayed randomly among the
five nonthreat targets (Figure 2). These threat and nonthreat symbols
h were generated and displayed at the approximate rate of one

symbol/second. Threats appeared approximately 20% of the time. There

was no specific human factors related reason for the design of the

T Y I TS T hA g Sy e
r - »

symbols; it was decided not to make them obvious (such as arrows

, pointing left, right, up or down) but to make them somewhat nondeccript f
such that the subject had to perform some mental processing. \

Eight tasks, or combinations, were selected from the pilot study to ;H

carry forward into Experiments [ and I1. The eight tasks are described .j

below: :}

(1) No-tracking with two tireat targets (0-2): This task was selected

as an easy activity wherein the target aircraft remained stationary ard
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only two threat targets appeared among the five nonthreats. The two g;
targets, randomly generated, always required the up or down thumb action l:
to deliver the countermeasure (Figure 2). The up or down thumb actior :i
was selected because i1t was the easiest thumb movement for the subjects Ef
to make. The purpose of this task was to obtain baseline data on the ::
secondary task. ﬁ;
(2) No-tracking with four threat targets (0-4): This task was the same 5%
. as number 1, above, but employed all four threat targets (Figure 2). i‘
(3) Simple, Velocity (1/S) tracking with no targets (1/5-0): This task :}
was also simple for the subjects and provided baseline tracking data on E%
the primary tracking task. This task was nct truly single task control. !:
There was a nonintrusive subsidiary task the subjects had to accomplisk h{
while performing this particular task, and that was to count to "
themselves the number of times the target aircraft flashed during tne :‘
trial or exposure. The aircraft flashed approximately every 3.5 seconds ?&
(appreximately 20% of the exposure time) during tasks 3 {1/5-0) and 6 ?:
(1/32-0) in order to evoke a response for recording on the NWTE since f;
there were no targets present durinag these tasks to evoke the response. %}
Otherwise, there would have been no P300 data for the 1/5-0 and 1/5°-0 5;
tasks for comparing to the other tasks. ?
(4) Simple, Velocity (1/S) tracking with two threat targets (1/5-2): E:
This task was a dual task in that the subject had to track as well as Eé;
attend to the RHAW display. The two targets were countermeasured by the ;ﬁ
up and/or down thumb action, g;
(5) Simple, Velocity (1/S) tracking with four threat targets (1/5-2): or
This task was, the same as number 4 but employed all four threats. ::
™
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(6) Difficult, Acceleration (1/52) tracking with no targets (1/52-0):

This task was the same as that described in number 3, above, but
employed the more difficult to control acceleration plant dynamics.

(7) Difficult, Acceleration (l/SZ)trackiqg with two targets (1/52-2):

This combination was Tike combination 4, but employed the more difficult
to control acceleration plant dynamics.

(8) Difficult, Acceleration (1/52) tracking with four targets (1/52-41:

This task was considered to be the most difficult and was similar to
task 5 except that the more difficult-to-control acceleration plant
dynamics were employed.
Physiological Measurements and Instrumentation

Physiological parameters recorded included the P300, £E0G, EKG, EMG,
blood pressure (DINAMAP, Model 1255-00006), arterial oxygen saturation
(Nellcor N-100), and superficial temporal artery flow (L&M Doppler,
Model 501). The latter two measures were recorded during Experiment [,
only, since they were sensitive to changes in eye level blood pressures
caused by sustained acceleration. Blood pressures were recorded during
the last 20 seconds of each 60 second exposure during Experiment I.
Blood pressure was not monitored during Experiment Il because the
equipment was not acceleration qualified. A fully instrumented subject
is shown in Figure 6. The layout of the monitoring equipment, subject
and computer/machine interface is illustrated in Figure 7.

A1l subjects were instrumented with electrodes, one for the
transient visual evoked response (plus referenced mastoids) located
centrally at Cz (Internaticnal 10-20 electrode system; Jasper, 1958),

three for the EKG, (modified Marrijott method; Marriott & Fogg, 1979},
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two for the EOG plus a ground and three for the EMG (Figure 6). The

temporal artery flow velocity transducer has a nickel-sized transmitter
and receiver in its head, and is placed over the temporal artery where
it is secured by tape and an ace bandage (Figure 6). Medtronic infant
monitoring electrodes, "huggables," which are Ag/AgCl, self-adhering and
pregelled, were used for EEG and EOG measurements including grounds and
reference. NDM Silvon stress test ECG electrodes, Ac/AgCl, which are
pregelled and self-adhering were used for EKG and EMG recording and
grounds. The Sa02 pulse oximeter transducer was mounted on the bridge
of the nose (Figure 6)., The EEG signal was amplified 50,000 times with
a Gould universal amplifier, model 13-4615-58; bandpass was set at .05
Hz low and 30 Hz high. The EEG was sampled for 1.0 seconds following a
trigger signal to the NWTB. A1l other physiological measures were
recorded continugusly during each 60 second exposure. The EKG signal
was amplified 2000 times with a Gould EKG amplifier, model 13-4615-64.
The EQG signal was amplified 2000 times by a Systems Research
Laboratories, Inc. amplifier, Model No. 1. The EMG signal was amplified
2000 times with a Gould EKG amplifier, model 13-4615-64., A1l
electroencephalogram leads were shielded and all electrode groups were
grounded to insure the safety of the subject.
Equipment

A1l research was conducted in the Dynamic Environment Simulator
(DES) shown in Figure 1. The DES is a 19 foot radius, man-rated,
man~operable centrifuge located at the Armstrong Aerospace Medical
Research Laboratory at Wright-Patterson AFB, OH. The primary and dual

tasks described herein were generated on an Evans and Sutherland

I3
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Multi-Picture Graphics System and displayed on a 12 inch diameter crt t:
(Figure 2). Subjects interacted with the display via a force control !f
stick and with a thumb actuated trim switch. Deflecting the control 23
stick moved the target circle or "pipper" (Figure 2) in the vertical s§
direction and moving the thumb trim switch left, right, up or down :
actuated the countermeasure to the threat (Figure 2). The control stick Qj
was controlled by the right hand of all subjects. ' : ;

Subjects sat in a modified F-16 aircraft seat; eye-to-crt distance N .l
was 27". After the tracking task was generated on the graphics system, )ﬁ
it was scan-converted using a 525 line, black and white video camera and Eg
displayed on the crt in the DES cab. A tayout of this configuration is fj
illustrated in Figure 3. A layout of the seat and crt geometries in the g&
CES cab is illustrated in Figure 4. . ::':':}

The DES cab lighting was not as bright as the typical office

environment; the subdued lighting made the graphics on the crt easily

?f?‘..’,‘ J L

discernible and allowed for composite video taping of the subject's face

and task during data collection. Brightness was measured with a Minolta ?‘
hand held luminance meter. Tvpical office environment luminances were ::
found to be approximately 35-40 foot-Lamberts (f-L). The DES cab EE:
luminance was 13 f-L. Bright objects on the crt, such as the tarcet s"
aircraft, were as bright as 40 f-L against a background of 1.8 f-L. : s
Normal brightnesses for the aircraft, arid and targets was 3.5-5.0 f-L ;%
against a target background of 1.0 f-L. Aircraft and threat symbols 5 i
subtended an angle of approximately 1° or 60 minutes of arc at the eyve ‘Hf
of the subject, 27" away. Tracking error scores were derived as the g:'

s

root mean square (RMS) of the error. Tracking error scores represent
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degrees error based upon the geometries of the eye-to-crt distance (27")
and target aircraft-to-pipper distance (Figure 2). It was determined
that a constant 3 1/8" target to pipper distance equated to an error
score of 114, This relationship relates to a 1.16° error for a tracking
score of 20. Tracking scores herein are reported as whole numbers.
Special equipment (Figure 5) was developed to accurately record the
transient visual evoked response and P300 of subjects in experiments I
and [I. Trigger signals to start the recording of visual evoked resporses
were generated when a threat appeared or whenever the target aircraft
flashed, such as during primary tracking task trials (Figure 2). When
the combination included the dual task, the target aircraft did not
flash although nonthreat and/or threat targets appeared every 1-2
seconds to the right of the pipper which were sensed, triggered ind
evoked a response in the subject. These trigger signals and evoked
responses were recorded on the (NWTB). A video dot generator (Figure 5)
was developed to sense the appearance of the targets or the flashing
aircraft on the crt in order to triager the NWTB tc begin reccrcing the
transient visual evoked response. Whenever a threat target appeared,
the rare event window was filled with a raster, the photocell was
energized and the video dot generator sent a logic signal to the NWTP
which triggered the cnset of recording the one second visual evoked
response (Figure 5). Whenever a nonthreat signal appeared, the frequent
avent window was filled with a raster and the freguent event photocell
channel was triggered. The rare/frequent triggers at the bottom of
Figure 5 illustrate a typicul pattern of triggers observed at the NkTB,

with threats/nonthreats occurring once each second and threats occurring
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approximately 20% of the time. The evoked responses from nonthreats

were recorded but not analyzed for this research. Video transmission
delays in the order of 30 milliseconds were eliminated from evoked
response analysis by using the photocell pick-up of trigger signals from
the crt screen and sending the trigger directly to the NWTB (Figure 5).
Durirg noise exposures, 90 dB and 100 dB A-weighted pink noise was
generated through a headset driven by a Grason-Stadler Audiometer, Model
1701.

Reaction times were measured from the time a threat target appeared
on the subject's screen until the subject actuated the thumb trim switch
to deliver a countermeasure, The same video dot generator described
above was used to sense the appearance of a threat symbol on the crt
screen and it was the start of this signal from the photocell (Figure 5)
that was used as time zero in calculating subjects' reaétion times to
threat targets.

Statistical Methods for Data Analysis

In both the noise and acceleration experiments (Experiments [ & II)
there were 24 combinations of plant (1, 1/S, 1/32), target (0,2,4) and
stressor (Noise: 40 dB, 90 dB, 100 dB or Acceleration: 1.4 Gz' 2.75
GZ, 3.75 GZ). The three stressgr combinations with no plant or no
target (stressor alone) were not used.

For Experiment I there were two data collection days. Each day a
subject performed all 24 combinations once (Table 1). Means for the two
replications of each combinatio ‘vere taken before analysis to help
reduce order effects within a subject. For Experiment Il there were two

data collection days where subjects performed 12 combinations on Rayv 1
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and the other 12 combinations on Day 2 (Table 2).

In deciding how to model the data the problem of having no data for
stressor alone combinations had to be resolved. Since using plant ard
target as factors in an ANOVA would result in missing cells it was
decided to combine plant and target into one factor (called task). The
design then included task (see Description of the Performance Tasks) and
stressor as fixed factors and subject as a random factor. Al1 of the
ANOVA tables (4d-17) are organized as the summary table (4a) below.
Table 4a. ANOVA Summary Table SWAT and Noise

Source of DF Sum of Error F-Value P-Value
Variation Squares Term
S 8 10811 Error 12.06 .0001
T 7 23472 SXT 26.66 .0001
ST 2 8530 SXST | 17.15 .0001
SXT 56 7044 Error 1.12 .2998
SXST 16 3980 Error 2.22 .0081
TXST 14 1522 Error 0.97 . 4887
ERROR 112 12555
TOTAL 215 67913
S - Subjects
T - Tasks

ST - Stressor (noise or acceleration)
SXT - Interaction between subjects and tasks
SXST - Interaction between _.ubjects and stressor

TXST - Interaction between tasks and stressor
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DF - Degrees of freedom
A1l of the main effects for stressor and comparison of plant and
target means (Tables 4d-17) are organized as the summary table (4b)
below.
Table 4b. Summary Table for Main Effects of Task and Stressor
Main Effects for Task (LSD=6.1)*

Task SWAT Means
0-2 9.5
0-4 14,7 (Those means connected by the
1/5-0 16.0 same line are not significantly
1/5%-0 21.3 different)
1/5-2 25.0
1/5-4 29.4
1/5%-2 w5
1/5%-4 43.6

*To be significantly different at the .05 level, (LSD = Least
Significant Difference), the SWAT means must be greater than or equal to
6.1 units apart.

Comparison of plant and target means were accomplished by taking
appropriate contrasts of the levels of task. Mean comparison procedures
(Daniel, 1982) which use ranks of the means (e.g. Duncan, Tukey,
Newman-Kuels) were not considered since, in theory, the means should be
independent, and in this research, the means were not independent
(subject was a random factor). The procedures which control the
experiment-wise error level (Bonferroni, Scheffe) usually at the .05

level have per comparison error levels < .05 (Daniel, 1983), and it was
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: )
"; 5
; felt that by using the LSD procedure, results of pairwise comparisons ;‘
o i3
. could be more easily interpreted for the following reasons: '
; (1) a per comparison error level was easier to interpret than an ;
s experiment-wise error level which is generally not known but is an upper ;
. bound; (2) the .05 per comparison error number can be considered the :

v least amount two means can differ to be considered significantly dif- ;'
: ferent; (3) procedures which control the experiment-wise error level at :;
; . .05 can have very conservative per comparison error levels (task in- "
\ volves 28 pairwise comparisons) which makes a mean difference, that is 2
) not quite significant, hard to interpret. (4) 95% confidence intervals :u
é for the unknown means of each factor level give a picture representation ;‘
; of the LSD procedure (Figures 9a-36) since the .05 comparison number is f

: equal to 1.4 times the\width of half of the confidence interval. Y
7 The .05 comparison numbers as_shdwn in figure 9a use only the mean f
% squared error in the error term. Using subject interactions in the i
. error term resulted in very few differences which would be of little t'
; value, in terms of interpretation. However, by using only the mean t;
f squared error, results pertain only to these subjects and should not pe ;%
% generalized to other subjects. gé

Missing data resulted for some of the variables, especially

PR

physiolcgical measures including the P300 (EEG) and heart rate. In

LT S e 4
a1

aeneral, less than 3 or 4 data points out of the 24 total data points

L
»°"a

for a particular subject were lost. I7 there was a problem in recording
a particular variable, such as EKG, the entire record for that subject's

. 24 combinations was not ana'yzed, which resulted in a smaller "N." One

TN Y Y

can see on Tables 19 and 21 that N's fo: blink duration, EKG, EEG ana
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EMG were not as high as for the SWAT and performance-based measures.
With missing data the F-tests, which use subject interactions as error
terms, become approximate. As the number of missing data pcints .
decrease this approximation improves.

Due to the missing data and a desire not to assume a linear relation-
ship between variables it was decided to use the Spearman correlation

procedure to determine the relationship between the means of the vari-

e

ables (Daniel, 1983). The Spearman correlations, P-values and number of

observations (Tables 18 & 20) are organized as the summary table (4c)

- 20N
Masiis L

%

below.

Y,

Table 4c. Summary Table of Spearman Correlation Coefficients, P-value

-

~®

'y

and Number of Observations

Variable 1 Variable 2. . . . . . . Variable N

® STy

Variable 1 1.0000 -0.40471(a) . . . . . . 0.61619(a)

o

0.00C0 0.1200 (b) 0.0014 (b)

-

2 Es

24 16(c) 24(c)
Variable 2 ) 1.0000 . . . .. .. -0.08824(a)
0.0000 0.7452 (b)
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Variables - SWAT, Error Score, %Hits, etc.
(a) Correlation coefficient and sign
(b) P-value of that correlation
(c) Number of observations the statistics are based upon

In summary, analysis of variance (ANOVA) allowed for the parti-
tioning and analyses of the total variance in the set of data recorded
for this research. The LSD procedure was used to determine the
significance of differences in the means since it gives a .05 comparison
number to use as a reference. Because the LSD procedure is a liberal
method, it is easier to find significant differences in the means.
Therefore, the LSD numbers in the Tables (4d-17) and Figures (37-51)
represent the smallest difference that can be considered significant.
Mean differences close to the .05 number can be interpreted as being

borderline significantly different and as differences increase one can

e s

ROk

be more assured that a significant difference exists. The 95% confi-

-

P X

dence intervals (Figures 9a-36) allows for a pictorial representation of

[4

differences in factor levels.
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V. RESULTS

Statistical significance is established at the P 2,05 level throughout

In the ANOVA tables 4d-23, means connected by

the following results.

the same line are not significantly different. Results from noise o

exposures are presented first followed by results from the acceleration

! exposures. Results are also illustrated graphically. Figures 9a-22 are

plots of the workload measure means versus stressor expressed in terms

Noise exposure results are at the tcp of

of 95% confidence intervals.

the page and acceleration exposure results for the same workload nmeasure

are presented at the bottom of the page, for comparison purposes.

Figures 22a-36 are plots of the workload measure means versus task

3 .
%: difficulty and are presented in the same manner as fiqures 9a-cc. E‘
A‘ Figures 37-46 combine the high and low stressor exposures on the same E'
;; graph anc depict the action of the workload measure as a function of "
) task difficulty and stressor. Figures 52-57 combine severa! of the E;
' ‘
‘4 previous fiqures on one graph in order to illustrate the different oy
4

effects nf the two stressors on the workload neasures.

Effect of noise on mental workload

Subjective Measures

SWAT and nnise - [ncreasing neise <tress caused significantly

v o

increasing SWAT ratings ‘rom the subjects (Table 4d, Fiqures 9a, 52).

T s

Increasing task difficulty ulso caused sianificantly ‘ncreased SWAT

PR
«_

ratings from subjects (Figures 22a, 53). The single taskc were judged




to impose less workload than the dual tasks (Figure 23a). F-tests

(Table 4d) showed a significant difference among the tasks (P=.0001) and
among the noise levels (P=.0001). The noise levels were all pairwise
significantly different (means: 40 dB-16.6, 90 dB-23.8, 100 dB-32.0).
SWAT correlated positively and significantly with only one
performance-based variable, tracking error score (P=.0273). SWAT
correlated positively and significantly (Table 18) with heart rate
(P=.0134), mean arterial blood pressure (P=.0008) and EMG Standard
Deviation (STD) (P=.0001). SWAT correlated negatively and significantly
with eye blink duration (P=.0033). There was a significant interaction
(P=.0081) between subiect and noise (Table 4d). SWAT ratings increased
as a function of both noise stress and task difficulty (Fiqure 37).
Performance measures

Tracking Error Score (Primary task performance) and noisé - Noise
stress, as it increased from ambient to 100 dB, had no significant
effect on primary tracking task performance (Table Sa, Figures 1l0a, 54).
Increasing task difficulty significantly increased error scores on the
primary tracking task, with the 1/S velocity plant combination error
scores significantly less than thcse for the 1/S2 acceleration plant

combinations (Figures 24a, 38, 55). F-tests (Table 5a) showed a

. c e e e s,
l'i.'. L AR
LA A Ao A '

-
A

significant difference among the tasks (P=.0001) but not among the noise

levels (P=.6434). There was significant interaction between task and el
e
DA

noise (P=.0007) however, the differences between the i/S velocity plant -
S

and the 1/52 acceleration plant were significant. .

Percent Targets Hit {Sccondary Task Performance) and noise -
Noise stress had no significant effect on performance of the secondary
51
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task, (Table 6a, Figure lla). Increasing the task difficulty
(specifically, when adding two additional threats to the two threat
combination) caused secondary task performance to decrease (Figures 25a,
39). F-tests (Table 6a) showed a significant difference among the tasks
(P=.0296) but not among the noise levels (P=.4139).

Reaction time (RT) and noise - Noise stress, as it increased from
ambient to high levels, tended to reduce subjects' RTs to threat targets
(Table 7a, Figure 12a). Significant reductions in RT from the ambient
noise condition were observed at both the 90 and 100 dB A-weighted noise
levels. Secondary task difficulty tended to increase RT significantly
except for the 1/S2 acceleration plant conditions (Fiqures 26a, 40).
F-tests (Table 7a) showed a significant difference among the tasks
(P=.0003) and among the noise levels (P=.0189).

Man-machine response time [MMRT) and noise - Increasing noise
stress reduced the MMRT (Table 8a, Figure 13a), in going from 40 & 90 to
100 dB A-weighted noise levels. MMRT is explained in Appendix B.
Increasing task difficuily, especially going from the 1/S to 1/52 plant
conditions significantly increased MMRTs (Figures 27a, 41). F-tests
(Table 8a) showed a significant difference among the tasks (P=.0001) but
not among the noise levels {P=.0888).

Correlation of performance-based measures among themselves and with
physinloaical measures (Table 18) - Tracking error score correlated
positively and significantly with MMRT (P=,0019) and EMG STD (P=.(034).
Percent targets hit correlated negatively and significantly with reac-
tion time (P=.0001) and EMG STD (P=.0196). RT correlated negatively and

significantly with EMG STD {P=.0056) and percent targets hit (P-.0001).




A 0 a0 gt WY o eV

DY O OO Y
W

n

s % D% P i F NCIE D B P
Lot 2 ‘. '{"'). "R"(‘

1 iata ged ats gt p ot hoptB gt g e g Nt B AN A A B ) el D o3 - ial ORI « TR

MMRT correlated positively and significantly with tracking error score
(P=.0019). MMRT did not correlate significantly with any of the physio-
logical measures.

Physiological Measures

Heart rate and noise - Moise stress had no significant effect on heart
rate (Table 9a, Figures 14a, 56). F-tests did not show a significant
difference among the tasks (P=.0586) or among the noise levels
(P=.2269). Noise level means were (40 dB=73.7 beats per minute, or BPM,
90 dB=74.7 BPM, 100 dB=73.9 BPM). There was a significant difference
among the plant conditions with the secondary task, only, combinations
showing a significantly lower heart rate than the 1/S velocity plant

2

combinations (means: no tracking=72.9 BPM, 1/S=75.1 BPM, 1/57=74.2

BPM). There was not a significant difference among the target condi-
tions (means: primary tracking, only=74.1 BPM, 2 targets=74.6 BPM, 4
targets=74.7 BPM). Increasing task difficulty caused increasing heart
rates (Figures 28a, 57) except within the 1/S2 plant condition.

Total Eye Blinks and Blink Duration and Noise - Npise stress had no
significant effect on either total eye blinks (P=.5164) or eye blink
duration (P=.3469) (Tables 10a, 1la; Figures 15a, 16a). Increasing task
difficulty had a significant effect (P=.0001) on total eye blinks
(Figures 29a, 43) as subtjects tended to blink less during primary
tracking and dual task exposures versus secondary task-only exposures.

A similar trend (P=.1387) was observed for blink duration (Figures 30a,
44) with blink durations longer for the secondary task, only, combina-
tions and shorter for the primary tracking and dual tasks. F-tests

(Table 10a) showed a significant difference among the tasks (P=.0001)
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for total eye blinks but not among the noise levels (P=,5164). F-tests
(Table 1la) did not show a significant difference among the tasks
(P=.1387) or among the noise levels (P=.,3469) for eye blink duration.
P300 latency and amplitude and noise

Increasing noise stress had no significant effect on P300 latency
or amplitude (Tables 12a, 13a; Figures 17a, 12a). There was a trend of
increasing P300 latencies and amplitudes with increasing task diffi-
culty, especially when the secondary task was added to the primary
tracking task (Figures 45, 46). F-tests (Table 12a) did not show a
significant difference among the tasks for P300 latercy (P=.4140) or
among the noise levels (P=.6558). F-tests (Table 13a) did show a

significart difference among the tasks for P300 amplitude (P=.0187) but

not among the noise levels (P=.5675).

Mean Arterial Blood Pressure (MAP) and noise - 90 and 100dB ﬁoise
levels tended to have higher MAPs than the 40dB level (Table 15, Figure
20). MAPs were significantly higher for the 1/S and l/S2 plant
conditions than for the 0 plant condition (Figure 34). F-tests (Table
15) did not show a significart difference among the tasks (P=.0944) or
among the noise levels (P=.1172).

EMG standard deviation (STD) and noise - Noise stress had no significant
effect on EMG STD (Table 14a, Figure [9a). Increasing task difficuity
had a significant effect on EMG STD (Figure 33a). EMG STD increased
significantly when the secondary task was added to either the 1/¢
velocity or 1/S2 acceleration plant tracking-only task. F-tests (Table
14a) showed a significant d<fference among the tasks (P=.0070) but not

among the noise levels (P=,5965).
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Correlation of physiological measures among themselves and with
performance-based variables (Table 18) - Although heart rate did not

correlate significantly with any of the performance-based variables,

heart rate correlated positively and significantly with mean arterial
blood pressure (P=.0066) and negatively and significantly (P=.0091) with
eye blink duration. Neither total eye blinks nor eye blink duration
N . correlated significantly with any of the performance-based variables.

. Total eye blinks did not correlate significantly with any of the
physiologically-based variables; blink duration correlated negatively
and sianificantly with mean arterial blood pressure (P=.0389) and heart
rate (P=.0091).

P300 latency and amplitude did not correlate significantly with any
performance-based Yariables. However, P300 latency arq amplitude
correlated positively and significantly with EMG STD (P=.0098 and
P=.0160, respectively). Mean arterial blood pressure (MAP) did not
correlate significantly with any of the performance-based variables.

MAP did correlate poéitive]y and significantly with heart rate (P=.,0066)
| and EMG STD (P=.0256); MAP correlated negatively and significantly with
eye blink duration (P=.0389).

Effect of acceleration on mental workload

Subjective Measures

SWAT and Acceleration - As acceleration increased from baseline to
medium and high levels, the stressor caused significantly increasing
SWAT ratings from the subjects (Table 4e, Figures 9b, 52). Increasing
task difficulty also caused significantly increasing SWAT ratings

} (Figure 23b, 53). SWAT ratings increased as a function of both stressor
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and task difficulty (Figure 37). F-tests showed a significant
difference among the tasks (P=.0001) and among acceleration levels
(P=.0001). The acceleration levels were 211 pairwise significantly
different (means: 1.4 G=12.5, 2.75 G=19.3, 3.75 G=39.0). SWAT
correlated positively and significantly (Table 20) with tracking error
score (P=.0024) and negatively and significantly with percent targets
hit (P=.0205). SWAT correlated positively and significantly (Table 20)
with heart rate (P=.0001), P300 latency (P=.0265) and EMG STD (P=.0014).
Performance Measures

Tracking Error Score and Acceleration - Error scores increased with
increasing acceleration; error scores for the high acceleration
exposures were significantly higher than those for baseline (1.4 G)
exposures (Table 5b, Figures 10b, 54). Similarly to noise stress,
increasing task difficulty increased error scores on the primary
tracking task, with the 1/S velocity plant dynamics combinations scores
less than those for the I/S2 acceleration plant combinations (Figures
24b, 38, 5°%).

Percent Targets Hit and Acceleration - As under noise stress,
increasing acceleration stress had no significant effect on performance
of the secondary task. There were consistent decreases in secondary
task performance in going from one 2 to 4 target conditions except for
the 1/S plant condition (Figure 39).

Reaction Time (RT) and Acceleration - Acceleration stress had no
significant effect on RT (Table 7b, Figure 1Zb). As under roise stress,

increasing task difficulty lended to increase subjects' RTc¢ (Figure

26b). F-tests (Table 7b) showed a significant difference among the
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tasks (P=.0001) but not among the acceleration levels (P=.3056).
Man-Machine Response Time (MMRT) and Acceleration - Increasing
acceleration stress significantly reduced the MMRT in going from the

baseline (1.4G) to the low (2.75G) level (Table 8b, Figure 13b). MMRT

is explained in Appendix B. As under noise stress, MMRTs for the l/S2

acceleration plant combinations were higher than MMRTs for the 1/S
velocity plant combinations (Figure 27b). F-tests (Table &b) showed a
significant difference among the tasks (P=.0001) and among the
accelerations levels (P=,0410).

Correlation of performance-based variables among themselves and
with physiological variables (Table 20) - Tracking error score corre-
lated positively and significantly with MMRT (P=,0001), P300 latency
(P=.0026) and with EMG STD (P-.0279). Secondary task performance,
percent targets hit, correlated negatively and significantly with
reaction time (P=.0077), only. Percent targets hit did not correlate
significantly with any physiological variables.

MMRT correlated positively and significantly with tracking error
score (P=,0001), only. MMRT did not correlate significantly with any

physiologically-based variables.

3 o W

Physiological Measures
Heart Rate and Acceleration - As acceleration increased from

baseline to high levels, the stressor significantly increased subjects'

AP ISy

-

heart rates (Table 9b, Figures 14b, 56). The mean heart rate of the

subjects was significantly higher for the 1/S and 1/S° plant conditions

than for the no plant condi*ion (Figures 28b, 42, 57). F-tests (Table

9b) showed a significant difference among the tasks (P=.0443) and amorg
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the acceleration levels (P=.0001).

Total Eye Blinks and Blink Duration and Acceleration - Increasing
acceleration significantly increased total eye blinks (Table 10b, Figure
15b) and decreased blink duration (Table 1llb, Figure 16b). Increasing
primary task difficulty reduced total eye blinks (Figure 29b) but had
inconsistent effects on blink duration (Fiqure 30b). Subjects tended to
blink less and for shorter durations with increasing acceleration
(Figures 43, 44)., There was a difference among the tasks (P=,0001; and
among the acceleration levels (P=.0184) for total eye blinks (Table
10b) and a significant difference among the tasks (P=.0105) and among
the accelerations levels (P=.0017) for blink duration (Table 1l1b).

There was a significant interaction between task and acceleration for
blink duration (P=,0212).

P300 latency and amplitude and acceleration ; As under noise
stress, increasing acceleration stress had no significant effect on P300
latency or amplitude (Tables 12b, 13b; Figures 17b, 18b). Increasing
task difficulty had no significant effect on P300 latency or ampiitude
(Tables 12b, 13b; Figures 31ib, 32b). P300 latency amd amplitude did
show a trend of increasing with task difficulty, especiaily when the
secondary task was added to the primary tracking task (Figures 45, 46),
F-tests (Table 12b) did not show a significant difference among the
tasks (P=.2846) or among the acceleration levels (P=,3102) for P300
latency. Likewise, F-tests (Table 13b) did not show a sianificant
difference among the task (P=.3165) or among the acceleration levels
(P=.7173) for P300 amplitude.

EMG Standard Deviation {STD) and Acceleration - Acceleration stress
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significantly increased EMG STD (Table 14b, Figure 19b). The EMG STD
for the high (3.75G) acceleration exposures was higher than the EMG STD
for either the baseline (1.4G) or Tow (2.75G) exposures. As under noise
stress, increasing task difficulty had a significant effect on EMG STD,
(Figure 33b). EMG STD increased significantly when the secondary task
was added to the l/S2 acceleration plant tracking-only task (Figure
33b). F-tests (Table 14b) showed a significant difference among the
tasks (P=.0018) and among the acceleration levels (P=.,0452).

Correlations of physiological variables among themselves and with
performance-based variables (Table 20) - Heart rate did not correlate
significantly with any of the performance-based variables, however,
heart rate correlated positively and significantly with total eye blinks
(P=.0412) and negatively and significantly with eye blink duration
(P=.0017). Neither total eye blinks n&r blink duration correlated
significantly with the performance-based variables. Total eye blinks
correlated positively and significantly with P300 amplitude (P=,0145).
P300 latency correlated positively and significantly with reaction time
(P=.002%) and tracking error score (P=.0026). P300 amplitude did rct
correlate significantly with any of the performance-based variables.
P300 amplitude correlated significantly with P300 latency (P=.0192).
EMG STD correlated positively and significantly with reaction time
(P=.0037), tracking error score (P=.0279) and P300 latency (P=.001%).
Other Physiological Measures

Percent Temporal Artery Flow Velocity - Acceleration had a
significant effect (P=.0039) on percent artery flow velocity with high

(3.75 G) acceleration resulting in lower velocities (Figure 22, 36).
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F-tests (Table 17) did not show a significant difference among the tasks
(P=.3135).
Arterial Oxygen Saturation (Saoz) - SaO2 was recorded during the

acceleration exposures, only, and the purpose was to obtain an addi-

b AT A R

tional (to Temporal Artery Flow Velocity) measure of acceleration stress

K,

on the subject. There was no significant effect of task (Table 16,

“?_

Figures 21, 35) or acceleration on SaO2 throughout the acceleration

rJ
P

exposures.
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VI. DISCUSSION

Effect of noise on mental workload

The only significant effects of 90 and 100 dB A-weighted noise in
this research on mental workload were reflected in the subjective
measure (SWAT), two performance measures (reaction time and MMRT) and
one physiological measure (mean arterial blood pressure). The other twe
performance measures (primary tracking error score and percent hits on
the secondary task) were not significantly affected by the noise stress.
Likewise, physiological measures including heart rate, eye blink and
blink dpration, P300 Tatency and amplitude and forearm EMG were not
significantly affected by the increased noise stress.

The reason why the subjective measure of mental workload increased
with increasing noise stress is reflected in the analysis of the three
comporents of the composite SWAT score (Table 22). All ot the subjec*s'
SWAT ratings were analyzed as a function of noise (Figure 48) and &< a
function of task difficulty averaged across roise (Figure 50). The
psychological stress component, which reflected the effect of the
stressor on the subjects' mental workload, increased more than the time
load or mental effort components in going from the ambient to high
stressor level (Figure 48). The subjects apparently used the
psychological stress component to reflect the effect of noise stress on
their overall mental workloud; the psychological <tress component

increased significantly from 90 dB to 100 dB, averaged across all subjects.
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SWAT ratings as a function of task difficulty averaged across noise [

exposures resulted in a different trend (Figure 50). As the task

o e

difficulty increased, it was the mental effort component that was rated

the highest by all of the subjects, especially for the more difficult,

1/S2 tasks (Table 22, Figure 50). Time load was rated the lowest of the :

Foad =T i

taree components, most likely because the primary and dua! tasks were .

S

not time-dependent tasks; subjects had fixed performance periods and . o

evidently felt they had adequate time to perform the task. The time

load component could be modulated in future research efforts by

increasing the speed of the target aircraft and/or rate of presentation

of targets for the secondary task. These two factors remaired constant (M

throughout this research. A

When plotted on the same graph, the low and medium levels of noise

stress sejected for this research were judged to generate more mental

workload for the subjects than low and medium levels of acceleration X

stress (Figure 52). High acceleration stress was rated higher than high

S noise stress on the combined SWAT scales (Figure 52). The only

o significance of this specific result is that the stressor levels o
selected for this research were fairly well matched in their gverall
effect on the subjects' mental workload; had 120 dB A-weighte< noise or

v 9Gz acceleration stress been selected, the results would have been
difierent., However, more generally, the result suggests that the SWAT

3 scales can be used effectively to compare and equate workload unger

. different stressor conditions.

On the same plot, tracking error scores were higher for
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acceleration exposures than for noise exposures (Figure 54). Likewise, prt
L ]

heart rates were higher for the acceleration exposures than for noise @ij
exposures (Figure 56). One can see that equivalent tracking error :ﬁ&

oL

scores or heart rates could possibly result from higher noise stress X

and/or lower acceleration stress (Figures 54, 56). Likewise, other ;“‘

stressors such as heat, cold, vibration could possibly be modulated to &

(W J

produce equivalent effects of tracking error scores or heart rate, for o
o

‘ example. Again, a most important indication of the present research is N

.

N

that workload under different stressors and levels of stress can be Ny
™~

equated using: the above kinds of metrics. tf
®

Different workload measures under noise stress gave opposite N

gt

results. As the noise stress increased, blood pressures increased but Iy 5
Y

. . . . . . h

reaction time, man-machine reaction time and eye blink durations all 4$~
. . . |

decreased. What this result means is that the action of some workload v

)

e

measures is to decrease from some baseline level when workload oy

N

]

increases; other measures increase. A good example of this cpposite v

effect of workload measures is the eye blink measure. One would expect

to blink less when attending to a visual-motor task if it were possible

P T LR,

to miss a critical element of the display while blinking. Thus,

® LIS

increased workload results in a decrease in total eye blinks. Other

opposite workload effects were observed under acceleration exposures,

LA ST RS
P .",J"I&I'} !

discussed later.

-""..
4

Performarce-based workload measures affected by the noise stress

¥y £ f
.

incluged reaction times to the targets in the secondary task as well as

-

the man-machine response tine (MMRT). Mecise stress tended to reduce

AN

reaction times to the targets as well as the MMRT: this reduction in
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both the reaction and response times is attributed to the alerting cue

AV S S it T

phenomenon of high noise levels (e.g. Teichner, 1963). Man-machine

response time was significantly lower for the 100 dB exposures than for

N\ A
: the ambient or 90 dB exposures. Evidently, the high noise stress tended E
A :
‘ to keep the subjects more alert than the quiet, ambient noise condition. .
The only physiological measures significantly affected by the noise ;

stress was mear arterial blood pressure (MAP). MAP increased : E

C significantly for the 90 dB and 100 dB exposures compared to the ambient :
ﬂ exposures. This increase is attributed to the effect of noxious stimuli .
jE on blood rressure observed by other researchers {e.g. Gunn, Wolf, Block .
: & Person, 1972; Obrist, 1963, 1976). ;
.E Effect of acceleration on mental workload :
i\ Acceleration stress significantly affected measures from all three Ef
. workload methodologies. SWAT increased with increasing acce]erat'an;' K
. performance-based measures significantly affected by acceleration stress ~-]
; included primary tracking error score and man-machine response time, 3
i' Physiological workload measures affected significantly by acceleration -
f included heart rate, eye blinks and blink duration. Performance-based i?
: measures such as percent hits on the secondary task and reaction time to E:
: the targets were not signifizartly affected by the acceleration. The ;*
. only physiologically-based measures not significantly affected by the -
g acceleration stress were the latency and amplitude of the P300. a
: Subjective mental workload increased with increasing acceleration ;
N stress because of the contribution of the psychological strecs component )
X to the SWAT score (Figure 47). As in the case of noice stress, subjects E
g tended to reflect the increased effect of the acceleratiun on their E'
3
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mental workload in the psychological stress component (Table 23). This £
]
component increas d more than either the time load or mental effort b
components in going from baseline to the high G level (Figure 49). ';
’ As a function of increasing task difficulty, the mental effort ’
¥ component was larger than the time load or psychological stress compon- gy
ents during acceleration exposures and, especially, for the more diffi- 2;
~3
cult l/S2 tasks. Time load was consistently rated lower than the other 23
' two components throughout all noise and acceleration exposures. [,
4]
For the stressor levels selected for this research, high acceler- %
ation generated more mental workload for the subjects than did 100 dB-A @
-
i weighted noise stress (Figure 52). Had a higher noise level been %“
5 selected (e.g. 120 dB), both stressors may have beer equivalent in terms 5
j of their effect on subjectively measured mental workload. When piotted li‘
on the same graphs, acceleration effects on tracking error score and l,
i '-
hear* rate were more pronounced than those for noise stress (Figures (j
~
54-57). N
N
Performance-based workload measures affected by acceleraticr stress -
h“
‘ . . . . -~
included primary tracking error score and man-machine response time. :\
\'
A
The tracking error sccre tended to increase as acceleration increased. o
J\
This increased error is attributed %o the effect of the acceleration on ;’
the cognitive performance rather than motor performance of the subjec*s, o
k‘
since the tracking control stick was a force stick, very little deflec- &
tion was required to etfect movement of the pipper on the display '
: (Figure 2). Although the decrease in performance was not significant, a :.
: s'milar effect was observed for the percent hits on the secondary task :_
-

(Figure 11b). The percent hits dropped from 94.1 tc 91.1 (Table €b)
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agoing from medium (2.7SGZ) to high (3.75 GZ) acceleration. Because the
secondary task was accomplished by trim switch activation, acceleration
should have had little or no effect on this motor activity.

Mean reaction times were less for the acceleration exposures than
for the noise exposures. This result is perhaps due to two reasons: 1)
order effect, the acceleration phase followed the noise phase and the
subjects could have become more proficient and 2) there is evidence that
simple reaction time increases under acceleration (Canfield, Comrey &
Wilson, 1949); acceleration can serve as an alerting cue.

Man-machine response time was significantly less for the medium
acceleration (2.75 Gz) exposures as compared to either the baseline or
high GZ levels. No explanation can be given for this result; reaction
times to targets under medium acceleration exposures were also less than
those under baseline or high acceleration levels (Figure 12b).

Heart rate, total eye blinks and blink duration were the three
physiologically-based workload measures that were affected significantly
be acceleration stress. The effect of acceleration on the cardiovas-
cular svsiem is well documented; heart rates increase with increasing
acceleration stress (e.g. Chambers, 1963; Crosbie, 1984; Gillingham,
1974, Grether, 1974; Little, Hartman & Leverett, 1968). Subjects tended
to blink more as acceleration stress increased. Mean total eye blinks
nearly doubled under the high acceleration exposures compared to the
mean eye blinks observed under high noise stress. This phenomenon is
attributed to the physiolegical effect of acceleration on visicn,
discussed later. CBlink durctions terded to be shorter under G streqs

than under noise stress. This result is also attributed to the effect
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of acceleration on visior and not to any cognitive-related phenomenon.

Different workload measures under acceleration stress gave opposite
results. As the acceleration stress increased, SWAT, tracking error
score, heart rate, total eye blinks and EMG STD all increased; blink
durations, percent targets hit on the secondary task and man-machine
response time all decreased. These latter three measures' actions were
to decrease rather than increase from some baseline level as workioad
increased. One would expect the percent targets hit on the secondary
task to decrease as the workload increased; the subjects had less
reserve capacity to attend to the secondary task as mental warkload
increased. As in the case of noise exposures, some workload measures
under acceleration stress gave results opposite to those of other
workload measures.

In summary, both noise and accelération stress resulted in signifi-
cant effects in at least one or two measures from each of the three
workload methodologies. Increases in SWAT scores as a function of
stressor were due to increases observed in the psychological stress
companent of the SWAT score. The acceleration stress selected for this
research tended to have a more significant effect or all three methodo-
logies than the noise stress. Each workload measure is discussed in
cdetail, later. One of the objectives of this research was to determine

how well the three methodclogies correlated. The correlational analysis

is discussed below.

Correlational Analysis

A correlational analys:'s provides the researcher with informatior

regarding the similarities between the action of several different
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variables. It is of interest to know if increasing stressor or :‘E
increasing task difficulty affect the various workload measures; whether ;
]
or not the workload measures are sensitive to the increased workload. '
Those measures which do not change significantly with increasing o
4
workload should not be disregarded; they may provide valuable -
o
information at extreme levels of workload, for example. a4
For analysis purpcses, we want workload measures to correlate i:
-!
significantly. This tells us that whether the measure is subjective, . .
‘\
. M
performance-based or physiolcgically based, its reaction to workload is :::
"
X
similar to that of other methodologies. However, because a measure does .S}
Wi
not correlate significantly with other measures does not mean it is nct »
a sensitive workload measure; the measure may be sensitive to a more 53
AR
specific range of workload than the one it has been subjectea te, for {}'
. e
example. é
N,
Significant correlations were observed across all three workload ﬁtj
'.',i
methodologies. Correlations were usually positive, i.e., those measures ht
%
. n
which correlated significantly with one another were, generally, ir 4
the same direction. As heart rate increased with increasinc workload, ;ﬁ_
s
for example, SWAT scores increased. SWAT correlated significantly with ::i
b
performance-based and physiologically-based variables under either noise -’
>
or acceleration stress. During noise exposures, SWAT correlated R&
significantly with one of four performance-based variables and four out Gy
of seven physiologically-based variables. During acceleration »
7
exposures, SWAT correlated significantly with two of four ?’
l\:
performance-based variables and three of six physiologically-based ﬁ-‘
l\'-
. o
variables. »
\-..
~
N
)
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Although SWAT correlated highly with performance-based and physiolo-

gically-based measures, performance-based and physiologically-based %:
; variables did not correlate with one another very well in this study. gl

These methodologies may very well be measuring different aspects of 5
‘ workload, however, such as maintaining performance at some physiolcgical ‘>
f’ cost. Across noise exposures, performance-based measures correlatec I
i significantly with only three of twenty-eight possible combinations with X
: ’ physiological variables. In noise exposures, primary task tracking ?~
i: error score was the only performance-based variable that correlated g
' significantly with SWAT. Across acceleration exposures, performance- §!
5 based variables correlated significantly with only four of twenty-four {
; possible combinations with physiological variables. In acceleration 3
b exposures, secondary task performance (percent targets hit) was the only ;.
- performance-based variable that correlated significantly with SWAT. 3
" Performance-based variables correlated well within the group, with four Si
; of nine possible combinations correlating significantly across noise E;
‘ exposures and four of nine across acceleration exposures. =
| Physiologically-based variables correlated significantly with 11 . E:
; of the other workload variables. Across noise exposures, physiologically- E
. based variables correlated significantly with only three of twenty-eight "
‘E ) possible combinations of performance variables. Those three cecrreia- E

tions were with the EMG STD which is a physiological measure, but is not ;:
, considered a mental workload variable. Four out of seven variables ;
; correlated significantly with SWAT, however. Across acceleration E‘
; exposures, physiologically-Lased variables correlated significantly with &ﬂ
y four of twenty-four possible combinations (two of which were EMG STD).
: 3
: :
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Physiologically-based variables, like performance-based variables,
correlated well within the group, with eleven of thirty possible combina-
tions correlating significantly across acceleration exposures and nine
of thirty-six possible combinations correlating significantly across
noise exposures. Three of six physiologically-based variables correlated
significantly with SWAT,

In summary, there were significant correlations among all three
workload methodologies under both noise and acceleraticn exposures.
Those measures which correlated significantly are considered to be the
better workload measures at least in terms of this analysis; those
measures which did not change significantly as a function of increasing
workload may be more sensitive under specific experimental conditions,
but under the constraints of this research offered littie or ro insight
into the changes in mental workload of the subjects. Because those
measures, such as P300 latency and amplitude, did not correlate will
with a number of the ather measures does not mean they are "bad"
measures; on the ccntrary, if one inspects the action of P300 amplitude
as a function of increasing task difficulty (e.g. Figures 32 a, b) one
can see significant increases in the amplitude as a function of
increasing secondary task targets from two to four. Analyzed across the
entire range of task difficulty however, P300 amplitude did not
correlate well with other measures.

Significant Interactions

There were significant interactions between task and noise for

primary tracking task error score and man-machine response time and

between task and acceleration for heart rate and blink duration. While
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some of these workload variables were increasing or decreasing at one

stressor level, they were doing just the opposite at other stressor
levels. Tracking error score increased when the four target condition
was added to the two target condition for both the 1/S and 1/S2 plants
and with 90 dB and 100 dB noise, but decreased under the same conditions
at ambient noise levels. This increase is attributed to the effect of
noise on tracking performance. Heart rate tended to increase as a
function of acceleration and task difficulty, however, heart rate
remained the same or even decreased when the four target condition was
added to the 1/S or 1/S2 plant, compared to the two target 1/S or 1/S2
plant condition at high G. At baseline (1.4G) acceleration, heart rates
tended to increase under the same conditions, above. One possible
explanation is that the subjects did view the 1/52-4 task as the most
difficult and when coupled with the high G condition, considered it an

almost impossible task to perform. Error scores and percent targets hit

Y

were their worst for this combination and perhaps the subjects were

Y
under less pressure to do well knowing it was toc difficuit a task. }
h\'
Blink duration increased for the l/S2 tasks from 40 ¢B to 90 dB ard ;:
RS
P
100 dB but decreased under the same conditions for acceleration. This f:
significant interaction is attributed to the effects of acceleration on
vision and not task difficulty, per se.
In summary, because some workload measures interacted significantly
with stressor and task and others didn't does not mear the interacting
measures were better workload measures than the others. For the
constraints of this research, these measures interacted; under different ,‘
£
experimental conditions, these measures may not have interacted. What )
e
o
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is of interest about the significant interactions in this research is :%l
200
the effect of the two stressors on the measures. Acceleration stress !‘
l’|
tended to increase several measures (heart rate, total eye blinks, .':
tracking error score) while noise stress had little or no effect on 4§
¥
K
these measures. By analyzing the significant interactions, one can L,
determine the different effects increasing stressor or task difficulty
had on a workload measure and gain more insight into the response of the . U(i
_‘.‘
measures to increased workload. . o
2
The general effects of noise and acceleration on the human operator 3?‘
. R
are that these stressors tend to increase mental workload. Not all of 00
N
the workload measures followed the same pattern, however. The effect of ®
g
the stressor and increasing task difficulty on each workload variable Aag
3
evaluated in this research is discussed below. £ é
SWAT 2
The results of the analysis of SWAT as a subjective measure of e
workload suqggest that with the highly trained subjects in this study, f{-
SWAT can be a sensitive workload instrument. SWAT needs no other factor py
e
or dimension in order to justify its power as an accurate and reliable Qﬁ
a7
indicator of mental workload in the biodynamic environment. One limita- N
S
tion of the SWAT however, is that it providec reiative 1nformation, as .
do other measures of workload. As a result, one is restricted in saying 'i:‘
o
only that one task has more or less workload than anotner. In addition, Bt
e
subjective measures can sometimes be influenced by prior knowledge of ; :
the performance task or environment ("this is a high acceleraticn level N
.-J'_
i
so I need to rate it high"). Research is cizarly needed to define the ;::
A,
degree of influence of factors such as the number and range of task e
"
N
hfe
3
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levels present in a studyor the order effects of the various conditions
of the study. Once this aspect of the measurement process is understood
then it may be possible to establish a "redline" for workload, a situa-
tion where the probability of performance breakdown is increased (Reid &
Nygren, 1988).
Heart Rate

Heart rate consistently and reliably correlated with SWAT and other
physiological variables of workload, but did not correlate significantly
with most of the performance-based variables. Heart rate tended to
increase as a function of task difficulty, but did not correlate
significantly with primary or secondary task performance across either
noise or acceleration exposures. This result does not reduce the
overall effectiveness of heart rate as a sensitive measure of workload;
a sensitive workload measure might not correlate significantly with
primary task performance variables. One example is P3GC amplitude.
These results provide additional support to the concept that, under
certain conditions, heart rate can be considered an index of workload;
heart rate increases tracked increases in SWAT, blood pressure and other
workload measures. Various researchers (e.g. Blitz, Hoogstraten &
Mulder, 1970; Boyce, 1974; Hasbrook & Rasmussen, 1970; Kalsbeek, 1963,
1968, 1973; Krzanowski & Nicholson, 1972; Spyker, Stackhouse, Khalafaila
% McLane, 1971; Stackhouse, 1973, 1976) found heart rate to be a
reliable indicator of workload.

Total Eye Biinks and Blink Duration

Under noise or acceleration stress, subjects tended to blink less

when they were task loaded. This is a logical result since the subjects

73

% P % SN
Caataty

oAt Et A Wt R ALY AT A e T - " L, C oot At C N AT
s W% A --\‘p e Rt At > \\} '&}'\- ‘. "'-F N N\}. f-‘ \

N

IO !

'L UV SV TVOV UG A T T R R




ait had - hat . aat Al A ALY As fab 4 a8
Saatas gt 2Agt la® Wat uat de¥, byt gt Set ty’ e et Set 4

had to attend to the tracking or dual task more significantly than to
the secondary task alone. It has been observed that approximately once

every five seconds, human vision is interrupted for 200-300 milliseconds

by an eye blink (Lawson, 1948). This interruption represents approxi-

mately 6% of our average viewing time. Total vision, however, is not
totally obscured for the entire duration of an eye blink and it has been
estimated (Kennerd & Glaser, 1964) that only 37 of viewing time 1is
blacked out by eye blinks. The range of total eye blinks per 60 second
exposures throughout this research ranged from 0 tec over 60 eye blinks.
Blink durations were shorter for the trackina and dual tasks compared to
secondary task for noise exposures but did not show the same trend for
acceleration exposures. Low and high G levels caused the subjects tc
blink for shorter durations as compared to 90 and 100 dB A-weighted
noise exposures. This shorter blink duration can possibly be attributed
to the physiological effects of acceleration on vision; some subjects'
eyes teared during high G exposures as lacrimation can be a side effect
of high sustained G. Likewise, high G also caused subjects to biirk
more often than they did at lower and baseline G levels.

As indices of mental workload, total eye blinks and blink duration
correlated significantly with only a few physiolocically and
performance-based variables under noise exposures. Because of the
physiological effects of high G on vision, use of these indices for
evaluating mental workload under sustained acceleration may be less than
effective as it may be difficult to separate the effects of acceleration

on vision from the effects of cognitive load on vision. Whether the
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observed effects were truly due to worklcad differences or simply
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resulted from acceleration changes in motivation, boredom or fatique

2

(0'Donnell & Eqgemeier, 1986) cannot be determined from these results.
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P300 Latency and Amplitude

Although the stressors had no effect on P300 latency and amplitude,

=
increasing task difficulty tended to increase P300 latencies and ampli- n
tudes. These results can be interpreted within a framework which .§0
suggests that the levels of stressors investigated in this research S&'
‘ tended not to load-up the human's central processing system. Both P200 zg
latencies and amplitudes increased, sometimes significantly, whenever ’ﬁ
the secondary task was added to either the 1/S or 1/S2 plant condition f‘
averaged across all noise or acceleration exposures. This observed 5é‘
increase in ampiitude may be attributed to the possibj]ity that both the ;ﬁ
primary and secondary tasks shared the same common visual modalitv and :}
snatial lccaticn in the brain, as postulated by Wickens et al., (1983). 5~‘
The reason why P300 amplitudes increased rather than decreased may be é:
because subjects biased their allocation of resources more toward the i:
visual secondary task than they would have toward an auditority secor- %‘:
dary task, which has been found to decrease the P3C0O amplitude. These i@

results also support the theory that P300 latency is an indicator of the
amount of time a subject takes in evaluating a stimulus {(Donchin, 1981);
reaction times to targets increased as a function of task difficulty

(Figures 31c, 31d) just as did P300 latencies (Figures 26a, 3la) averaged

across all stressor levels,

e

The increase in P30C amplitude with increasing tracking difficuity
was also observed by Qivan ¢nd Xu (1985) and Wickens, et al. (1883).

Wickens, et al. (1983) found that increases in difficulty of the primary
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visual task elicited P300's with increasing magnitude. Whereas the P300
amplitude is significantly attenuated by the introduction of a tracking
task in concurrence with a counting task (Navon & Gopher, 1979), the
reciprocal change in P300 ampiitude for visual probes has been attri-
buted to the activation of some information processing activity that is
invoked by the appearance of task-relevant events; its amplitude is
inversely related to its expectancy (Wickens, et al., 1983).

P300 latencies and amplitudes were the most difficult variables to
record and analyze in this research. Because of their low signal
strength (means ranged between 6 and 22 microvolts on Figures 46a, 46b)
and the problem of sending these amplified signals across the centrifuge
slip rings (the electrical interface between on-board the centrifuge and
the outside world), P300 processing was difficult, at best. Perhaps the
biggest drawback of using it as a potential workload index is the
subjectivity involved in selecting the P300 peak. This is no
straight-forward task and is fraught with personal subjectivity.

Because the performance tasks were of such short duration (60 seconds)
and event related potential (ERP} analysis is dependent upon averaging a
number of evoked response waveforms, it was decided to attempt to
visually evoke a response from each subject at least 10-14 times during
the 60 second exposure. 10-14 trials are a relatively low number of
trials on which to base a composite ERFP in an applied environmert; other
researchers use 50-100 trials on which to base a composite (Qiyan & Yu,
1985; Wickens et al., 1983). Because of the nature of this research, it
was not feasible to obtain £0-100 trials per exposure on which to base a

composite, or average, ERP. The range of trials for the 450 ERPs
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recorded during all of the exposures was from one to twenty-two ERPs 2
averaged per exposure with a mean of eleven and a standard deviation of e

three. These ERPs were averaged for each combination or task for each :&'
“w

‘h

subject. ;3

Composite ERPs were then traced onto paper and arranged three to a « )

o

page according to task with the ERP from the Tow, medium and high ﬂf
stressor level arranged from the top to the bottom of the page. This ;3
[

. allowed a visual analysis of the ERPs for similar positive peaks and 5;
valleys. It was also beneficial to compare ERPs for a dual task (e.g. %,
1/5-2) with the ERP from the primary task (1/5-0,. Many times, a tr
similar pecsitive peak could be identified on the primary task ERP which ..

o

corresponded to that observed on the dual task ERP. Ail ERPs were k&

Q‘ 3

%

analyzed in this manner, comprising composite records of all subjects' “Q

ERPs and analyzing them (selecting the P300 peak) tcgether. This !EN

.:\.

process is explained more thoroughly in Appendix C. 3:
A

The utility of the P300 as a valuable workload index has been i“
demonstrated in the laboratory (for example Donchin, 1981; Gopher & 3
Oonchin, 1986; 0'Donnell & Eggemeier, 1986) but has severe limitations :;-
in the dynamic application, such as in the centrifuge. P300 recording if

and analysis in the airborne envirorment is also a difficult proposi- 2:}

tion, especially where performance periods are usually short-term and fi;

o

. . . . . . =)

physiological recording equipment is usually constrained by weight and .-

s

cockpit capacity iimitations. New developments in miniature, high- L 2

fidelity physiological recorders may improve this situation, but uniess ;

a more reliable and less subjective methodology is used for eliciting )
and analyzing the P300, its utility as a practical tool in dynamic and ’
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airborne applications of indexing mental workload during short-term

performance tasks is suspect.

Primary Task Performance

Primary task performance was unaffected by noise stress but
deteriorated with increasing acceleration stress. Primary task tracking
performance was significantly worse for the l/S2 (acceleration) plant
combinations, independent of stressor. Previous researchers (Broadbent
& Gregory, 1965; Hamilton & Copemen, 1970), using different tracking
dynamics, found that tracking performance improved with 100 dB ncise
stress. Although error score means improved at 90 dB and 100 dB in this
study, these improvements were not significantly better than tracking
performance at ambient noise levels (40 dB). The increased error scores
under increased acceleration stress confirms findings by previous
researchers (Loose et al., 1976; Repperger, 1984; Warrick & Lund, 1946).

Mean tracking error scores increased with the addition ot the
secondary task averaged across all noise or acceleration exposures, but
not significantly. This result would tend to support the fact that
subjects followed the original instructions to maintain primary task
performance at all costs and to attend to the subsidiary task with
reserve processing capacity, only.

Mean error scores increased as a function of increasing acceleration
during the acceleration phase. This decrement in tracking scores is
attributed to acceleration effects which include visual as well as motor
problems. Several subjects' vision nearly collapsed to a blackout
condition at the higher G lcvels and early in the exposure. As a

result, tracking task performance suffered. This can be seen graphically
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(Figure 47) as the subject's eye level blood flow and oressure dropped
off significantly (pulsatile Doppler temporal artery flow velocity)
during a 4.5 G exposure. In summary, the primary task selected for this
research was unaffected by the noise stress but resulted in increasing
errors as acceleration stress was increased. This increase in tracking
error score with increasing acceleration is due to acceleration effects
on eye level blood pressure, vision and, perhaps, the increased weight
of the tracking arm under G.

Secondary Task Performance

By modulating the number of targets presented on the Radar Homing
and Warning display, secondary task difficulty could be varied. Primary
task performance did not significantly degrade as secondary task diffi-
culty was increased, however. Subjects tended to work harder to main-
tain primary task performance as the secondary task difficulty increased;
as reflected in the various workload scores. Stressors, at the levels
subjects were exposed to in this study, had no significant effect on
secondary task performance., Percent targets hit correlated negatively
and significantly with reaction time, whether the stressor was noise or
acceleration. In other words, as the percent targets hit increased,
reaction times decreased; as reaction times increased, the percent
targets hit decreased,

In this research, subjects were instructed to treat the secondary
task as a subsidiary task (Knowles, 1963; 0'Donnell & Eggemeier, 1986),
or one in which the subject avoided degraded primary task performance at
the expense of the secondar: task. In this paradigm, the RHAW was not

used to Toad the primary task, but rather to determine how much
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additional work could be undertaken while the primary tracking task was
being performed. The assumption of this paradigm is that the subject
will shift some of this reserve processing resources from the low to
moderate levels of operavor load tc higher levels of workload, thus
exceeding his capability to compensate, resulting in performance decre-
ments (0'Donnell & Eggemeier, 1986).

Primary tracking tack error scores, by themselves, did not reflect
the increased workload imposed by the secondary task in this research.
Use of the secondary task measure, percent targets hit, permitted a more
sensitive analysis of the capacity expenditure than that afforded by the
primary task. One can see from the plots of percent targets hit versus
task difficulty (Figures 25a, 25b) that as secondary task difficulty
increased by the addition of two mc-e targets to process, the percent
targets hit decreased. Although only a maximum of four targets were
used in this research, onc can see that if this number were increased
and primary task performance was maintained, percent targets hit would
continue to decrease until some level of degraded performance on the
RHAW task was determined (such as 50%).

In summary, the percent targets hit subsidiary task permitted a
more sensitive analysis of the capacity expenditure of the subjects than
that afforded by the primary task, alone.

Secondary Task Reaction Time

Choice reaction time was another secondary task measure employed in

this research. Subjects' reaction times to the two or four targets

either with or without a primary tracking task were recorded and analyzed.

Reaction time correlated significantly with the other secondary task

80

-------- -

LA 4 Ny VRN YR LA AN AP - RTINS A ARSI U KO TN N Vgt » R WY TN
by V‘.‘. ,,.._1, ')' ﬂ“id i? o '!.r w ‘-" "‘ o - ,.'-‘ o o -'_p_;\ "4)1" y 'h"‘

- »

-
v
-

TELY



T T R T Y R TP W Y N IO X O Y KO0 TR Oy

measure, above, percent fargets hit. Several interesting observations iJ
about choice reaction times are made. ;ﬁ
)
First, reaction times improved (decreased) as noise levels in- ﬁ
creased from ambient to 90 dB to 100 dB A-weighted. This improvement \!
observed in reaction times is attributed to the alerting cue phenomenon }ﬁ
previously discovered by other researchers (e.g. Teichner, 1963).
Secondly, mean reaction times for acceleration exposures were even '
) lower than those for noise exposures; this improvement may be attributed 'a
to training effects since acceleration exposures followed noise expo- %E
sures, however, acceleration can also be considered an alerting cue and 3
subjects may have tried harder under acceleration. W
Choice reaction time tasks can be generally assumed to impose F‘
greater central-processing and response selection demands than simple é
reaction time tasks, dr those which employ one discrete stimulus and one :%
response (0'Donnell & Egagemeier, 1986). Investigators have found the f?
P300 latency to be sianificantly and positively correlated with reaction Ef
; time (Donchin, Kutas, McCarthy, 1976; Gomer, Spicuzza & O'Donnell, Eq
1976). P300 latency correlated positively (+.649) and significartly ?:
i (P=.0035) with reaction time during acceleration exposures in this EA
. research; P300 latency correlated negatively (-.116) and not signifi- ;a
: cantly (P=.6477) with reaction time during noise exposures. Averaged 'f
together, the three noise conditions resulted in a negative correlation
for reaction time and acceleration. The ambient noise ccndition did not F
? result in an increase in P300 latency as the items in memory were 54
‘ increased from 2 to 4 (Figu.,e 31c), however, the 90 and 100 db A-weighted iJ
noise exposures did result in increases in P300 latency and RT as a -
it
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function of increasing items in memory. The same effect was observed

during the acceleration exposures; baseline acceleration exposures had
no effect on P300 latency as the items in memory were increased from 2
to 4 (Fiqure 31d). A lawful relationship, similar to that observed by
previous researchers (Donchin et al., 1976; Gomer et al., 1976), between

reaction time and P300 latency was observed for both 90 and 100 dB noise

(Figure 31c) and 2.75 Gz and 3.75 Gz acceleration (Figure 31d) exposures.

Man-Machine Response Times (MMRT)

MMRTs were also grouped according to the plant dvnamics. The 1/S
or velocity plant was much simpler and quicker to drive compared to the
1/S2 or acceleration plant dynamics. MMRTs did not correlate
significantly with any performance or physiologically-based variables
averaged across all subjects and stressors except for tracking error
score. As an indicator of continuous reaction time, MMRT was virtually
unaffected by stressors, and appears to be only marginally effective as
an indicator of mental workload. MMRT did not correlate significantly

with secondary task reaction time for either noise exposures

.231, P=,4705) or acceleration exposures

(correlation

i

(correlation .329, P=.2969). In that respect, the MMRT was not a good
index of secondary task performance during this study.
Forearm EMG

Althouoh increasing noise stress had no significant effect on
subjects' tracking forearm muscle EMG STD, acceleration stress increased
EMG STD. Subjects' forearm EMG STDs were significantly higher at the

high G level than at the lowver or baseline G levels. EMG STD correlated

significantly with percent targets hit, reaction time, tracking error

82

O e et I L P oy o ) bt P Sy A S W o S e

AT

Lol <]

A

AR
- - -

-,

()

SOl MUNEL )
"y

Ls

L A P

S

)

\
o



O PR Rl I A SR WU M RN MR RO Y, MU W R 028" 08 at a0 iah o vad vk JOUTUORUTC YRS o Bl o) o) 0y 8 A AR

W0,

’

"

ot
score, P300 latency and amplitude and mean arterial blood pressure GA
during noise stress exposures; and reaction time, tracking error score .ﬁ
and P300 Tatency during acceleration exposures. HNever seriously recog- ég
nized as a physiological measure of mental workload, the standard Jk
deviation of the EMG recorded from the brachioradialis muscle (forearm) v
of the right tracking arm of the subject proved to be the one variable ;‘
that correlated most significantly with the most variables in this ;f
) study. The only variable EMG STD did not correlate with significantly 2;

b was total eye blinks (P=.5244). Laville & Wisner {1965) reported that ) :33
the EMG of neck muscles correlated with subjective stress in a demand- A
ing, precise task better than heart rate correlated with stress. %-
Stackhouse (1976) found EMG signals from the forehead and forearm to be if
correlated with workload. Grip pressure on a control stick has ?150 SQ
been found to increase in high workload tracking tasks (Hikok, 1973; %;
Smith, 1972). Grip pressure, however, can also increase as a function :E
of the operator's effective gain. :f

In assessing mental workload, the relatively static tension level )

; of a muscle not directly involved in task performance is usually moni- ti
tored (0'Donnell & Eggemeier, 1986). Some operators may tense their DYy
foreheads, neck muscles or other muscle groups while under increased ;

2 ) workload. A general muscle tension factor appears to exist for muscles %-
in the upper body which means that muscles of the head, neck, shoulder &'
ana forearm should all be sensitive tc activation resulting from various :'

| types of mental wcrk (0'Donnell & Eggemeier, 1986). E%

i The results of this research indicate that if one monitors the EMG :m

. of the principal muscle involved with the visual-motor task being !
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performed, the mean standard deviation of that signal during the

- -
PR
T

performance period (in this study, 60 seconds) may provide valuable

information about both the physical work and mental work the operator is

-t
- -

performing. One possible reason why EMG STD correlated so significantly :

- o
-~ o>

with the variables of workload in this study is that when the STD was
) large, the muscle was being used more actively. When the forearm muscle :

vas active, the subject was either tracking the difficult-to-control . A

PR
e,

l/S2 plant or was performing the dual task, which required a thumb

2 action as well as hand movement for tracking. It was during these 1/S

? combinations and dual tasks that the subjects' workload variables é
h increased. Logically, if the increases in EMG STD tracked increases in )
;‘ the other variables as a tunction of task difficuity, EMG STD should

z have correlated with many of the variables. The EMG w?s measuring f
2 physical activity and not mental Joad in its application here, but it v
; was more than a coincidence that this measure of physical activity :
4 correlated so well with the other "mental" workload measures. The .
;7 significant finding, however, was not that the EMG STD correlated with 3
f so many of *he workload variables but that it did so at significant ﬁ
& levels (P=.05). :E
f During those combinations where minor stick deflection was re- .

; quired, such as the 1/S plant combinations or the secondary task-alone X
;_ combinations, there was not as much forearm muscle activity. These were . 3
f the combinations that were judged to be less demanding in terms of ;

! subjective workload and both the performance and physiologically-based ‘ J
? variables were in agreement. As a result, the EMG STDs were smaller for :i
a these combinations and accurately tracked these other variables as a '?
K ;

; ‘
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function of task difficulty. This finding warrants further investiga-

| tion and could be investigated by monitoring pilots, factory workers on
assembly lines, secretaries, computer terminal operators, to name a few. M
) Those operators, such as Flight Controllers, who perform no overt manual 5
i task with their duties would not be candidates for such an investiga- \
tion.

Mean Arterial Blood Pressure (MAP)

- W s

Mean arterial blcod pressures were recorded during the noise 9]
exposures, only. MAP tended to increase as a function of task diffi- )

culty and/or noise stress. MAP correlated signiTicantly with heart

-

rate, EMG STD and blink duration. Heart rate covaried with MAP during

this study; in general, when the performance task caused increased
mental workload the heart rate increased and blood pressure (MAP)

v increased. It is assumed that the stress caused an increase in the

PETAU AL B TN v A O S * 5P

release of adrenalin which, in turn, increased the heart rate and blocd
f| pressure. &

. Temporal Artery Flow Velocity & Arterial Oxygen Saturation

The percent Doppler temporal artery flow velocity and arterial
2 oxygen saturation (Sa02) were two additional physioiocical variables

recorded during acceleration exposures. The Doppler sianal provided a

v,

means for obtaining an objective measure of acceleration stress on the

L o e
&

subject (Table 17). When the blcod flow velocity in the temporal artery
decreased, as monitored by the Doppler device, mean eye level blood
pressure was reduced and the centrifuge subject lost peripheral vision N

or, sometimes, central visiun. The utility or the Doppler temporal

artery blood flow velcoity monitoring device in acceleration research
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has been demonstrated previously (Crosbie, 1984; Xrutz, 1973; Rossitano, X

1973, 1974).

-

Relationships Among the Workload Measures !

-
(1

There were some common ties among the workioad measures observed \

R

during this research. One can review the Spearman Correlation Coeffi-

; cients and associated P-values and select those measures which were ]
a significantly correlated with each other.
' Increases in SWAT scores, primary tracking error scores, beart N
a rate, total! eve blinks, P300 latency and amplitude and EMG STD were )
r observed as acceleration stress increased from bacseline to 2.75 Gz to :
, 3.75 Gz' Eye blink durations and percent targets hit on the secondary M
Q task decreased with increasing acceleration. In terms of the workload ;
i? measures tracking with one another, during acceleration exposures, when %
8 workload was high (as indicated by SWAT scores, for example), tracking h
k error scores, heart rate, total eye biinks, P300 latency and amplitude A
g and the EMG STD were all high. Eye blink duration decreased as did
jé percent hits on the secondary task during acceleraticn exposures. A
" When workload was increased under nuise exposures, ¢3CC amplitude \
3 and Tatency slightly decreased, as did secondary task reaction time, 2
; man-machine response time and eye blink duration. Mean arterial blood ,
‘f pressure and EMG STD were slightly elevated under high noise stress. J
; Although some of these measures' increases and decreases were not i
g statistically significant, they did represent trends in the results and a
are depicted graphically in Figures 9a-21. The two stressors imposed A

-
-t

0
“u

different levels of worklnad on the subjects although some of the

y

[+ t

) §
measures tollowed the same trend, whether the stressor was acceleration 3

|

) .

l' \

'C

-.. P

r‘l 8 6

G

)

o <,

Y
D
‘l

.V F ) () i % Ve 8% 0% M BN '\\'ﬂ'\‘\’«'s"l e R % 1% R0y I S PN, N VA% n % T e,
v".-...."l.- l'!\‘:‘i.- AN |.!‘I- . AWML 1 -' [ ," . a- 9, 0, *ol l. ‘) .. nl' "..l 'Q .l Q... 0 0% 0% WV ‘. “L



e e @

-

- - e e

A NN
i". .o. '.,I

RS LS SR N

i

‘“'l *|‘J!'i;' ry ‘928" - 11 U .. U Atk 030 8’8 2% a%4 2 g 8% (V&) WP AR RN A AT )

or noise.

SWAT, eye blink duration and the EMG STD all followed the same
trend as a function of increasing stressor. SWAT and EMG STD increased
as the stressor level was increased and blink durations decreased.
Opposite trend effects were observed in P300 amplitude and latency; P300
amplitudes and latencies decreased as a function of increasing noise
stress but increased as a function of increasing acceleraiton. Because
these changes were not statistically significant, further investigation
of this phenomenon is warranted before offering an explanation. None of
the measures demonstrated opposite effects under one stressor as com-
pared to the other stressor,

In summary, there were logical ties observed among the workload
measures. When the wor&]oad increased, as indicated by increasing task
difficulty, tracking error scores increased, percent targets hit on the
secondary task fell, reaction times to the secondary task increased and
man-machire response times increased. Physiological measures tracked as
well; as the task difficulty was increased, heart rates increased, total
eye blinks decreased, eye blink durations decreased and EMG STD in-
creased. P300 latencies and amplitudes increased, especially for the
addition of two or four targets to the 1/52 acceleration plant tasks.
These trends are depicted graphically in Fiqures 23a-35.

In reviewing these 95% confidence intervals, one notices that the
measures tracked well with each other, whether the stressor was noise or
acceleration. Two exceptions were P300 amplitude and eye blink duration
exposures under noise exposudres. The reason why these were different is

probably due to recording and analyzing techniques and to the effects of
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acceleration on vision rather than due to any unique characteristic of
the measure (such as insensitivity in the acceleraiton environment).

Selecting the Best Workload Measures

The principal objective of this research was to assess the effect
of noise and acceleration stress on human operator workload and
performance. Of interest was to find which measure or measures worked
best in the stressor environment; any follow-on or future workload
research in noise, acceleration, vibration heat, cold or other
environments would be able to capitalize on the results from this work.

One conclusion of this research is that none of the thirteen
workload measures investigated, alone, completely depicted the workload
imposed by the stressor by the increasing task ji“ficulty. Primary
tracking tas& error scores were virtually unaffected by increasing
stressor, but the secondpry‘task measures (percent targets hit and
reaction time) reflected significant changes as the workload increased.
When evaluated together, these behavior or performance-based measures
can provide insight about the effect of the stressor or task difficulty
on the subject's workload.

Likewise, the array of physiological variables, when analyzed
together, provided a more detailed description of the imposed workload
than any one single physiological measure. Eye-related factors demon-
strated general workload effects; total eye blinks decreased for the
dual tasks and increased for the simple, secondary task-only combin-
ations. Blink durations, evaluated alono side total eye blinks, pro-
vided no more specific insight, however, into the total eye blink data.

P300 latency and amplitude as well as EMG STD data provided more de-
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tailed information about the different levels of workload imposed by the
different tasks. One can see that as the secondary task was added to
the l/S2 or acceleration plant task, P300 amplitudes and latencies as
well as the EMG STD increased (Figures 3la,b; 32 a,b; 33a,b). In this
research, the P300 measures and EMG STD were sensitive to changes in the
performance tasks and demonstrated potential utility as more specific
physiological measures of workload than heart rate and eye related
factors, for example. Although heart rate increased as a function of
increasing task difficulty, one could not distinguish differences in
workload between tasks within a plant (1/S or 1/32) by inspecting heart
rate data. The P300 latency and amplitude and EMG STC were the physio-
logical measures observed within the framework of this research which
offered promise as workload measures which were sersitive to changes in
task difficulty.

Mean SWAT scores, the subjective workload measure, changed with
each level of stressor and with each leve! of task difficulty. Accord-
ing to this subjective measure, increasing noise or acceleraiton stress
increased mental workload. Other measures, such as primary tracking
task error score, man-machine response times, heart rate, eye tlinks and
blink duration did not always reflect the same changes in worklcac as
did SWAT. SWAT was sensitive to increasing task difficulty within a
plant condition like the P300 and EMG STD, and reflected increased
workload with higher SWAT scores.

[n summary, there i5 no one single measure that captures the entire
essence of workload associated with a performance task. The multi-

dimensional nature of workload demands that multiple measures be used to
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cover the entire construct (Wilson and O'Donnell, 1988). The results of
this research confirm the multiple measures approach to workload assess-
ment. SWAT was able to distinguish differences in workload associated
with the stressor levels and performance tasks in this research.

Primarv tracking task error scores, in themselves, offered no specific
insight into differences between the tasks; however, when evaluated in
conjunction with secondary task measures (percent targets hit and
reaction time), primary and secondary task measures together providea a
more detailed explanation of the workload. Likewise, several of the
physiological measures including heart rate, total eye blinks and eye
biink duration could not, in themselves, describe the subtle differences
in workload imposed by the stressors or performance tasks. However,
when these measures were evaluated in conjunction with P300 Tatency and
amplitude data and EMG STD results, a more detailed explanation of the
effect of stressor or task difficulty or stressor on workloecd couid be

developed.
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VII. CONCLUSIONS AND RECOMMENDATIONS

3

The objective of this research was to assess the effect of high 1
intensity noise stress or sustained acceleration on human operator %
workload and performance. Noise stress significantly increased '-t
’ subjective mental workload (SWAT scores) as well as mean arterial blocd ;';
pressures and reduced subjects' reaction times to targets, but had no :::'::,
significant effect on primary tracking error scores, percent hits on the n:::
secondary task, or any of the other physiological measures. ?
Acceleration stress significantly increased SWAT scores, primary tf
tracking error scores, heart rate and total eye blinks as well as the :-:
standard deviation of the tracking forearm EMG. The biodynan.n'c stressers' 5_
effects on subjective mental workload were reflected in the SWAT rat- EE
ings. Although the mental effort and time load components of the SWAT I
increased both as a function of increasing stressor and task difficulty, -
it was the psvchological stress component of the three-dimensional :
measure that increased the most. Subjects tended to reflect the effect :
cf increasing stressor levels on their subjective mental load in the !_
psychological stress component; increasing task difficulty, on the other :
hand, was reflected in the mental effort SWAT component. :\
No single metric completely captured the essence of workload .:
associated with the performance tasks in this research. SWAT scores :‘:':
distinguished differences in workload between tasks, but gave an ':\:‘
>
o
b 't
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3
inflated effect of noise or acceleration on workload, compared to the E\
other measures. Primary tracking error scores, in and of themselves, :
provided little insight into the workload imposed by the stressors or ;ﬁ
task difficulty. However, when this performance measure was coupled @
with secondary task measures (percent targets hit and reaction time), )
more insight into the impact of the dual task on workload was afforded. 5&
Physiological workioad measures, when evaluated as an ensemble, also H‘
provided more insight into the imposed workload than that provided by 1
one measure; P300 latencies and amplitudes as well as the tracking :':;
forearm EMG standard deviation were sensitive tc the changes in task :ﬂ
difficulty and reflected significant increases as a function of increas- :
ing difficulty. oy
P300 latencies and amplitudes were unaffected by increased noise or 5%
. n

acceleration levels. P300 latencies and amplitudes increased as a

function of tack difficulty, especially when subjects performed the dual ?3
t

4

task. P300 latency increases parallelled secondary task reaction time $ﬁ
U

s

(il

increases for subjects responding to two and four targets, which

supports the theory that P300 latency is a reliable indicator of the {
amount of time a subject takes in evaluating a stimulus. g
Heart rates increased as a function of increasing acceleration )
stress but were unaffected by noise stress. Increasing task difficulty ;
caused subjects' heart rates to increase. Heart rates did not change - Ek
significantly between tasks in this research, and as a result, the heart E{
rate measure for workload was not sensitive enough to distinguish ‘ Qé
differences in workload between the tasks. E:
As indices of mental workload, total eye blinks and blink duration 5;

]
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were only marginally effective in describing the workload imposed by the '!

; stressor or by increasing task difficulty. Because of the physiological ?}
: effects of high G on vision, use of these indices for evaluating mental Kt
E workload under sustained acceleration may be less effective as it may be 2
' difficult to separate the effects of acceleration on vision from the :;
' . effects of cognitive load on vision. The results of this'research ii
E reinforce the concept that because of the multi-dimensional nature of :!
* workload, multiple resources must be used to cover the entire construct. .V

Biodynamic stressors such as noise and acceleration can increase

' operator workload. Other factors including heat, cold, vibration and $
‘ fatigue must also increase workload. Future studies would include %
) s
evaluating the effect of these other stressors (heat, cold, vibration, o
: etc) on workload. The effect of combinations of these stressors on l'
; workload would also be of interest. Higher stressor or task demand &;
levels should also be investigated. By tracking the workload measures ié
' in a stressor environment that resulted in a performance breakdown or in .
- a performance task that imposed toc much workload for subjects to L
E perform, one could develop a better understanding about the utility of k
: subjective, performance and physiological measures in predicting <
. workload. Workload measures could he tracked from baseline to redline 54
] (danger) regions of stressor or in which the subject is being evaluated. E
: Changes in the workload measures across the entire spectrum (baseline to E
; ‘ redline) could then be evaluated and compared with one another in order >
; to develop an array of measures which were sensitive to the performance :3
? breakdown. Such research would lead to a better understanding of how Ei
subjective, performance and physiological methodologies characterize 3
? and, perhaps, predict mental workload in human operators. s;
iy A
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x Body Axes Accelerations: Summary

N There is ro commoniy accepted coordinate system used by physicists,
K-

A8 engineers, acceleration physiologists and vestibular physiologists for

% describing accelerations and inertial reactions in man. Nomenclature

;‘l 1

ﬁ for inertial forces acting in humans has somewhat more commonality than
'

4

. does the acceleration nomenclature. The positive directions of the axes
.; used for describing G forces are illustrated in Figure AlB. The

% relation of these axes follows a backward, inverted right-hand rule.

™ " Another useful set of terms for describing reactive forces comprises the
f "eye-balls" nomenclature: in this system, the direction of the inertial
)

k, reaction of the eyeballs when the head is subjected to an acceleration
E.'

W is used to describe the direction of the inertial force. Table Al

Y summarizes the majority of terms used in describing directions of linear
4

L accelerations and gravitoinertial forces acting on man ard relates these
J

f, accelerations (Gillingham, 1974).
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Table Al. Equivalent Terms for Directions of Linear
Accelerations and Gravitoinertial Forces (from Gillingham, 1974)

Acceleration Gravitoinertial Force Related Aircraft Ko
Motions 0

+az +Gz Level Flight "
Headward Footward Coordinated Turn o
Positve Pull-up from Dive
Eyeballs-down "Inside" maneuvers N

S -az -6z Inverted Flight N
\ Footward Headward Push-over into Dive 4
Negative "Outside" maneuvers )

+ax +Gx [ncreasing forward
) velocity Backward
) Forward Positive Transverse (e.g., application of o
: Chest-to-Back afterburner) )
Supine Steep Climb .

Eyeballs-in

-ax -Gx Decreasing forward X

velocity Forward (e.g., applicaticn of N

Backward Negative Transverse speed brakes) 7
: Back-to-Chest A

) Prone Steep Dive N
; Eyeballs-out

-ay +Gy Left Stip ~
To Right To Left Left Skid -

Left Lateral o
Eyeballs-Left

-Gy Right Slip "
To Left To Right Right Skid )

! Right Lateral X
Eyeballs-Right o

-----
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PHYSIOLOGICAL ACCELERAYION PHYSIOLOGICAL REACTION
y NOMENCLATURE NOMENCLATURE

AMATOMICAL AXES 1y2

LINEAR mu‘“. . My Ay

jF: 'q o

ANGULAR ACCELERATION Q4.Qy.Q, ANGULAR REACTION Ry, Ry. Rz

Figures AlA (left) and AlB (right). System for describing

acrelerations and inertial reactlions in man
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Appendix B

Derivation of Reaction Time Measures (Reference Repperger et al., 1979)

It is desired to develop a measure of equivalent reaction time based on a
tracking task of a continuous nature. The tracking task consists of a dis-
play of the compensatory error (the difference between a target task and
the output of the system being controlled). This differs from a pursuit
display error consisting of the target and the system output being dis-
played separately. The subject manipulates a stick controller in the pitch
axis. The data required at each time sample (1/25 of a second) are the
compensatory error signal e{t) and the error rate e(t). A phase plane plot
of e(t) versus é(t) would appear as in Figure B-1,
é(t)

} ‘1:}

ty
'3 /?,\Atl . t ta
Te(t) o
t3
t2

Figure B 1. A Phase Plane Plot Figure B 2. The Time History Plot
of e(t) versus e(t) of e(t) versus t

e(t)

At time t) the error e(tl) is pasitive dand é(tl) becomes negative. This
continues until time ty when e(t,) = 0 and &(tp) is a large negative
value. At time t3, e(ty) is a large negative value with &(t3) approxi-
mate = 0. As time progresses to Ly e(t4) = 0 but é(t4) 1s a large posi-
tive value. At t = tg, e(tg) s again a large positive value with é(ts)
again going through zerc. The cycle is then repeated.

¥
hY

o

To relate this tracking task to an eguivalent reaction time, the classical

AW

measure of reaction time is the time 1t takes to make an error signal go
from an initial value to zero. wWith reference to Figures B-1 and B-2, this
would be 1/4 of the cycle time. Let T = the total time for the compensa-
tory error signal té complete one circle in the phase plane. Then

. T =Z(‘2 S vty - ) vty - ty) v (g - ty)
or T = (5 - tl

ey

»_»
L2

':

Then an equivalent redaction time could be detined for this problem as:

Py ,'.'.;I -

Teq = 1747 = 1/4(tg - t;]
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The equivalent reaction time will be used as a dependent variable to assess
the difficulty of the five forcing functions and three plants used. The
ANOVA tests can be made with respect to Table B-1.

Forcing Functions f1 fa fq fq fg
Py 1 T2 T13 T4 T1s

Plants, Pz T21 Tzz 1'23 1'24 TZS
P3 T31 T32 T33 T34 T35

‘Table B 1. Table of Equivalent T values for Plants and Forcing Functions

To test for difficulty of the forcing functions, a comparison is made
across the fi values for a fixed plant. This answers the gquestion “Does
Teq Change as fi increased?” To answer the question of Teq changing as a4
function of plant for a fixed fy, an analysis is conducted down 4 column
(across plants and for a fixed fi value).

AR

The traditional speed accuracy analyses that occur cdn be hdandled with Fig-
ures B-1 and B-2. A highly accurate response occurs when the amplitude of
e(t) in Figure B-2 is small. In Figure B-1 this is equivalent to a circle
of very small diameter. In general, Teq will be much longer for this
accurate tracking. For the cases of less accurate tracking, the amplitude
of e(t) in Figure B-2 would be larger and the diameter of the circle of
Figure B-1 would be larger. This would occur for smaller values of Teq.
Figure B-3 illustrates a speed accuracy trade-off using this phase plane

P
by % %4

e
%3

analysis: i

Diameter 2 [——=— Fast, Inaccurate Response

Less
Accurate
Tracking
Figure B 3. The
Speed-Accuracy
Tradeoft

Diameter of
Circle 1n

More ) :
Accurate Figure 1

Tracking

Diameter | |fpo— — — — = —— Slow, Accurate Response

L o —

0 Teq, Teag Teq

The closed-loop control system that the subjects use in tracking 1s shown
in Figure B 4 In the research described herein, subjects tracked with

either a veloacity (1/5) or acceleration (1/52) plant.
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APPENDIX C

Data Recording and Analysis on the NWTB

Four of the physiological signals analyzed in this research were
recorded on the Meurological Workload Test Battery or NWTB (Figure C).
The NWTB is an electronic strip chart recorder and computer-based
analysis tool developed for the Workload and Ergonomics Branch of the
Human Engineering Division of the Armstrong Aeroshace Medical Research
Laboratory. The NWTB takes amplified physiological signals and records

these signals in 10 second blocks of digitized information. A series of

.10 second blocks can be recorded in order to capture a 60 second

exposure, for example. In this research, 5-ten second blocks were
recorded for each 60 second exposure; the last ten seconds were ngt
recorded or analyzed. The secondary task was not presented during the
last five seconds of each dual task trial in order to precliude the
pessibility of the subject not responding in time to the target before
the task ended. After calibrating the NWTB to the amplifiers used in
the study, the NWTB was placed in the RECORD mode for each subject's
data collection. Several trial exposures were recorded and anaiyzed
prior to actua! data collection in order to assure the data were being
recorded properly and that all of the electrodes were placed correctly.
Datxr collection began concurrently with the onset of the tracking
problem. The NWTB operator observed the closed-circuit TV monitor at
the NWTB station; each trial was preceded by a 15 second countdown to
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the start of the next trial. Subject data were recorded as files and

VTN TR

4
'3

g

3
-

2R

numbered according to the combination attempted. The file name included :k
the subject's initials and the combination. During data analysis, each iw
file could then be recalled and either heart (H), eye (E), EMG (M) or 7
visual evoked response (A - for audio rare event analysis) preceded the :>
subject's initials and the combination number. E;‘
Analysis ?.
Analysis of the data recorded on the NWTB was & time-consuming ?ﬁ
task. On the average, a 24 trial subject run required over 12K bytes of ;?
storage on each Winchester disk. Because of the high cost of 10M byte ;:=
Winchester disks ($85 ea), ten were purchased for the study and their ;%
contents were transferred to digital magnetic tape during heavy subject A f

data recording periods. Four physiological variables were analyzed A
including heart rate, eye blink, muscle electromyogram and the visual 5;:
evoked response. The analysis technique for each of these variables is 3?
described below. A1l were recorded in five contiguous blocks for each ;3
combination. 5?.
Heart Rate :t
The heart rate analysis routine allows the NWTB user the .?‘
flexibility of selecting several parameters prior to the actual analysis %ﬁ
of the EKG record. Amplitude of the R wave, R to R interval maximum and Ec
minimum times allowable and R wave slope conditions can all be ?-
preselected. During the analysis of these data, the standard default k)
conditions were employed for most trials (Figure Cl). ?;
After selecting the analysis parameters, the first one second Eé!

of the first 10 second block could be displayed on the screen. After ’
drawing the tracing, the analysis program placed an asterisk next to the F%
109 o
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waveform it selected as the R wave (Figure C2). If this selection
appeared correct, the researcher could then have the NWTB analyze the
EKG data for the entire trial by entering a "C" for compute. This took
an average 30 seconds each trial. After the analysis was complete a
record was displayed for that trial's EKG results (Fiqure Cl). [If there
were no bad beats and the variance in the beats appeared normal, the
trial could be accepted and the inter-beat interval recorded (Figure
C3). A plot of the inter-beat interval was also made available to the
researcher, if desired, which gave a pictorial record of the variation
in heart rate during the first 50 seconds of each trial (Figure C3).If,
however, there were problems with the EKG record, the R-R interval was

Tonger than 1200 msec or there was noise on the recording, the program

could not accurately select the R wave and EKG analysis results indi-

cated "bad beats." In many instances, these "bad beats" could be
corrected by changing one of the four analysis parameters offered at the
beginning of each trial. One problem encountered with the current
version of the heart rate analysis routine is that it is unable to
correctly identify R waves that fall directly at the end or beginning of
a 10 second trial. This occurred several times throughout the analysis
of all nine subject's data and had a slight effect on the interbeat
interval. What is needed with this analysis software is the ability to
allow the researcher to physically move the asterisk to the correct R
wave in order to speed up the analysis. Such a capability resides in
the eye blink analysis rcutine described below.
Eye Blink

The eye blink analysis was similar to that for the EKG in that
the total number of eye blinks were recorded as well as the interval
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between blinks, but other parameters were also provided including p
’
closure duration. After the eye blink analysis was complete a record ;‘
{

was displayed for the first ten second interval. Because eye blinks |§
were extremely difficult to select, each ten second interval for each of ﬁi
the 48 trials (24 trials x 2 days) for experiment I and 24 trials for #ﬁ
experiment II were reviewed. In addition, in order to aid the analysis, f
")
video tapes were reviewed for each subject for each trial in order to .

determine when and if each subject blinked. In some trials, subjects a

never blinked. In other trials, subjects blinked over 6C times. The .§

eye blink analysis routine selected the onset of a blink and drew a line |$

to the abscissa or time line of the record (Figure C4). If a blink was %¢

not selected by the routine, the researcher had the option of chanqgirg :;

i the original default parameters or selecting the blink with a movable ﬁ&
cursor on the keyboard. The latter technique proved to be the most %(

expeditious and was used most of the time., After all blinks for all iﬁ

five 10-second records were selected, composite eye blink results were 8;

displayed. This represented eye blink results for one trial (Figure Cd). E:

Right Arm EMG :

Electromyogram (EMG) data from the brachioradialis muscle of :g

the right arm of each subject was analyzed for each trial. The EMG %,

analysis routine provides no plot of the record, however, it does give ;g

X totals for each of the 10 second trials as well as totals. The analysis EE
routine involves a Fast Fourier Transform of the frequencv data in order i;

to convert it from the frequency to the time domain. The routine 3

i analyzes the power in the EMG signal in 4 different "bands" (Figure C5). ::
Power in the 10, 20, 30 and over 30 bands is computed for the entire 50 hﬂ

seconds and then listed in a table of results (Figure C5). One would %
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expect a simple, thumb actuating a switch type task to require very

little arm muscle activity, whereas a dual tracking and ::. get reaction
task to require a great deal of arm muscle activity.
Visual Evoked Response

The most time consuming analysis was the visual evoked response
(VER) for each trial for each subject. This routine recorded one second
snap-shots of the event related potential (ERP) recorded from the scalp
of each subject. This one second record was triggered externally by the
appearance of a threat target or a flashing target aircraft, as described
in the Methods and Materials section. The audio rare event analysis
routine was selected because the task selected in this research was very
similar to the "odd-ball" paradigm described by Donchin et al. (1984).
Twenty percent of the secondary tasks (targets) presented were threats,
similar to the 20% odd tones presented by Donchin et al. (1984). Both
the rare and frequent ERPs were recorded on the first four subjects.
Rare ERPs were the one second scalp potentials following the appearance
of a threat or the flash of the target aircraft. The ERPs resembled the
classical transient evoked response (Figure C6) in that positive-going
and negative-going traces were observed with the third positive peak
usually selected as the P300 or P3.

VER analysis was performed for each trial for subject. There
were two mcdes of analysis offered for each 50 second record of ERPs.
The researchers could select the ".DAT" suffix to see an overall analy-
sis of the ERPs, or the ".DST" suffix to observe individually triggered
ERPs. Following the selecton of default parameters the researcher was

presented with the composite ERPs recorded throughout the 50 second

period. In several instances, there was a problem with the recording
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path or else the subject blinked excessively and all ERP records were
lost for that trial. If, however, all ERPs were successfully recorded,
a typical composite record appeared as shown in Figure C7. This figure
shows the composite ERPs for Day I combinations 23, 9 and 17 from
Experiment I for one of the subjects. These combinations were for the
1/5-2 task and were at ambient 40 dB (23), 90 dB (9) and 100 dB (17),
respectively. The figures at the right side of each tracing indicate
the number of trials the filtered composite is made from. If one looks
for a similar positive-going peak among all three ERPs, one is obvious
around the middle of the record. If the records for Day 2 are then
superimposed over Day 1 results (Figure C8), it is possible to select
the P300 peaks and then compute the amplitudes and latencies (Figure

€9).
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FIGURE C1

CARDIAC AMPLITUDE: 29
DIFFERENCE CRITERION: 199
MAXIMUM TIME BETWEEN R WAVES: 1000
MINIMUM TIME BETWEEN R WAVES: 400

[ BAD
TRIAL BEATS BEATS MEANIBI VAR
1 13 0 769.41 1658.63
2 13 0 761.41 328.27
. 3 13 1 76227 122244
4 13 2 70380  1080.90
5 13 0 78566  1283.31
GRAND STATISTICS 757.34 179392
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FIGURE C4

EYE BLINK AND BLINK DURATION
ANALYSIS

500
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0 1 10
SEC
NUMBER: 1
N EPK
ONSET TIME (MSEC): 2790 002
AMPLITUDE (MICRO VOLTS): 208
DESCENT TIME (MSEC): 0
CLOSING DURATION (MSEC). 170
50 WIN. DURATION (MSEC): 70
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FIGURE C5

EMG ANALYSIS

EMG (MV) OVER 30

i)

AAMJLLITREEEY LRI

— [ 30
OVER 30
TIME (SEC) MEAN VAR sTDev -1 2 e OVER
10 00 15056 1227 7074 2198 557 171
20 -0.1 180.56  13.43 6633 2427 625 315
30 00 41303 2032 4408 2920 1511 1152
40 00 20898 1445 6077 2720 885 318
50 00 23791 1542 5693 2718 1048 541
TOTAL -00 23820 1543 20885 12002 4628 2497
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FIGURE C6
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FIGURE C7 ' ¥

P300 ANALYSIS, DAY 1 "
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APPENDIX D l—

' ."»‘

V!

Pilot Study - Selection of Performance Tasks Q?

e

This initial experiment was conducted in twe phases. ODuring phase '$

L) i

. I, subjects performed the compensatory tracking task, described in ®
Methods and the three plant dynamics (P1l, P2, P3) were evaluated with ol
all five forcing functions. The experimental design is shown in Table :
N

D1. Phase Il involved the evaluation of the dual tasks (primary track- .’

4
N
ing task plus the secondary, RHAW, task). Subjects were also exposed to *ﬁ
4

"

noise stress in order for them tc become familiar with 90 dB and )
.

100 dB A-weighted noise stress; all subjects were already familiar with ;
" ]

acceleration stress. ?%
Phase I - This phase was conducted in the laboratory but with sear »

"

and crt geometries as similar as possible to the centrifuge cab seat and ;f
{
crt geometries. Subjects tracked the vertically moving aircraft (Figure o~
~

N

D1) using either the P1, P2 or P3 plant dynamics. The aircraft's ﬁ;
forcina function or speed was either 1, 2, 3, 4 or 5; 1 was the slowest :.
PJ-'.
and 5, the fastest. The five subjects who completed phase I, received Q;'
v one day of familiarization and three days of training. Each training ;5
day consisted of fifteen 30 second tracking exposures. A’ three plant ;f
dynamics were used to track the five target speeds for a totai of 15 f~q

bd
N
conditions. Referring to Table D1, subject 1 tracked plants in the 3
\
order Pl, P2 and then P3 across all five target speeds on Day 1 and then ."
plants P2, Pl and P3 on Day 2. The order of the 5 forcing functions pr
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were randomized among the plant conditions, however, the subjects were

told prior to the task whichr speed they could expect. There was a
fifteen second rest between each exposure. On Day 4, data was
collected. A1l subjects had reached asymptotic performance by day 4 as
their day 3 scores were within 5% of their day 2 scores. Mean error
scores across all five subjects versus plant dynamics and forcing
function (target speed) were computed.

Phase II - This phase was also conducted in the laboratory with
methods and materials the same as in Phase I. The same five subjects
from phase I tracked with all three plant dynamics, again, but a forcing
function of 1 was selected for all three plants based upon the results
of Phase I. In addition, subjects were presented with the secondary
task which was either 1, 2 or 4 threats (Figure 2) presented randomly
among 5 nonthreats. There was also a O threat condition during which
the subject performed the tracking task, only. The 15 combinations
including plant dynamics and the number of threats are shown in Table
D2. There was no attempt to counterbalance this design and subjects
were trained by starting with combination 1 and ending with combination
15. Noise stress was also introduced during Phase II only to familiar-
jze the subjects with the 90 and 100 dB A-weighted pink noise. Subjects
practiced giving SWAT scores after each 60 second combination. After
three days training, data was collected on Day 4. A man-machine
response time or MMRT was also developed to give a continuous tracking
reaction time measure. This MMRT is described in Appendix B. MMRTs as
a function of plant dynamic: and forcing function were also computed as
well as mean error score. Mean SWAT scores, mean error scores and mean

percent targets hit for the five subjects as a function of plant
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dynamics, number of threat targets and noise stress were computed. i
After analyzing the results, the eight tasks described in Methods and ‘i‘
“““'
Materials Methods were selected and carried forward into experiments I h‘
)
and II. N
Results e
Phase I: Tracking error score means were computed for the subjects “{
2%
and plotted on Figure D2. An ANOVA was performed on the means for all q
)
five subjects (Tables D3,4) for score and reaction time (Man-Machine !}
A
Response Time or MMRT)., F-tests (Table D5) showed a significant differ- \
")
ence among the plants for score (P=,0001) and for MMRT (P=.0001) and 4
)
‘ among the forcing functions for score (P=.0002) but not for MMRT (P=.7643). §\
p '
Phase II: No statistical analysis was performed on the data from ‘}
5
this phase. Means of five subjects were recorded and plotted (Figures oy
]
07, D8, D9). e
o
) Discussion :.
¥ ™~
! Phase [: From the plot in Figure D2 it was determined that error ™
)
. scores for both plant Pl (pure gain plant) and plant P2 (1/S or velocity o
n'.".
j plant) were essentially the same across all target speeds or forcing A
functions. The error scores for plant P3 (1/S2 or acceleration plant} iﬁ'

were significantly higher than those for P1 and P2 and more spread out.

-

The P2 plant used in tracking the aircraft with a forcing function of 1
resulted in the lowest mean error score and the P3 plant used in track-
ing the aircraft with a forcing function of 4 resulited in the highest

mean error score. There was no significant difference found betweer the

PR R ey

tracking scores for the Pl cnd P2 plants but there was a difference
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found between Pl and P2 as well as P2 and P3 (Figure D3). Forcing

function appeared to have a direct effect on mean error score, that is,

125

)
1
\
KN > O NS G % N e B A e N LA W e S RS ) A N L e e

B T AT A R S SRR R A R AT R At TR A R et b e s



v

20N Y Ryt A% 020 0T 0" 02° 12 0% (4t 0a" 0a® 0a" Ha¥ -’l e PN LS WU WU WU WU WU W W WU WU MO UM PR NN W

AN Y Shas "'

as the forcing function increased, the mean error score increased
(Figure D4). Man-macnine response time (MMKT,, 1ike mean error score,
was not significantly different between plants Pl and P2, however, Pl
and P3 as well as P2 and P3 MMRTs were significantly different

(Figure D5). Forcing function had no real significant effect on MMRT
(Figure D6).

It was decided to carry forward into Phase Il all three plant
conditions with a forcing function of 1. These conditions resulted in a
wide range of tracking error scores and were judged reasonable by the
subjects in terms of tracking.

Phase I1: Mears for all five subjects were computed and plotted.
Mean error scores for Pl and P2 in combination with threats and noise
were not different from cne another, however, they appeared to be
different frem F3 (Figure D7). The plant P3 condition showed that as
the number of targets increased, the mean error score increased. No
difference in mean percent hits of threat targets was found as a func-
tion of plant cor trial during the pilot study (Figure D8). Mean percent
hits for the threats-alone condition was better than those conditions in

which any of the plants, Pl, P2 or P3 were in combination with the

threats (Figure D8). One can see that as the number of threats increased

from 1 to 2 or 4 the mean percent hits dropped consistently (Figure D8).
Mean SWAT scores demonstrated some interesting combinations (Figure D9).
As the task difficulty and noise increased, the subjective SWAT rating
increased, regardless of plant. Plants Pl or P2 SWATs were similar,
however, plant P3 SWAT ratiugs were higher than those for Pl or P2
(Figure D9).

The results from Phase Il made it possible to reduce the number of
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plant and target conditions to carry forward into experiments I and II,
Because plants Pl and P2 were quite similar in terms of mean error
score, percent hits, man-machine response time and SWAT ratings, it was
decided to drop the Pl condition since it was so similar to P2 in its
effect on subject tracking. P2 demonstrated a wider range of SWAT
scores (Figure D9) and a wider range of percent hits (Figure D8).
Furthermore, the one and two target conditions resulted in simiiar error
scores, percent hits and SWAT scores and it was decided to drop the one
target condition. This “~cision resulted in two target conditions (2,
4) with two plant (1/S, 1/52) conditions for experiments [ and I1I. When
combined with target only and plant only tasks, these two conditions
resulted in the eight tasks selected and discussed in the Description of

the Performance Tasks section of Methods and Materials.
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FIGURE D3

95% CONFIDENCE INTERVALS FOR
MAN-MACHINE RESPONSE TIME vs PLANT
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FIGURE D4

95% CONFIDENCE INTERVALS FOR
MEAN SCORE ERROR vs
FORCING FUNCTION
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FIGURE D5

MEAN ERROR SCORE vs MAN-MACHINE
RESPONSE TIME
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FIGURE D6

95% CONFIDENCE INTERVALS FOR ’
MAN-MACHINE RESPONSE TIME vs !
FORCING FUNCTION 4
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FIGURE D9
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TABLE D1

PLANT/FORCING FUNCTION

EXPERIMENTAL DESIGN

TRAINING
SUBJECT DAY 1 DAY 2 DAY 3

T P, Py Py Py Py Py Py Py Py
2 P, Py Py Py P, P, Py Py P,
3 Py P, Py P, Py P, P, P, Py
4 P, Py P, Py P, P, Py Py Py
5 P, Py P, Py Py Py Py P, P,
PLANTS: P, = K

P, = KS

Py = KS2

TABLE D2

TRAINING AND SELECTION EXPERIMENTAL

DESIGN FROM PILOT STUDY

COMBINATION PLANT THREATS
1 — 1
2 - 2
3 - 4
4 P1 0
5 P1 1
6 P 2
7 P1 4
8 p2 0
9 P2 1
10 P2 2
1 P2 4
12 P3 0
13 P3 1
14 P3 2
15 P3 4

K. FORCING FUNCTION 1 |
KIS, FORCING FUNCTION 1 °
KIS*, FORCING FUNCTION 1

AMBIENT NOISE
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TABLE D3. ANOVA TABLE FOR ERROR SCURE

Source DF Sum Of Squares Error Term F-Value P-Value
Sub ject 4 331 Lrror 1.48 L2351
Plant 2 1960) Subject*Plant 50.75 L0001
FF 4 3591 bub ject*FF 10,71 L0ou?
Subject*Plant R 627 Lrror 1.22 L3149y
Sub ject*FF 16 1342 frror 1.30 2547
Plant*Fr 8 304 {rror 0.71 Lhidn
frror 32 2059
Total 74 16323
FF = Forcing Function
TABLE D4, ANOVA T.bLE FokR RCACTION TIME
Source oF Sum of Squares Error Tern F-Value Y-Value
Sub ject 3 J.13¢ Error 5.79 LOul3
2lant VA MR Subject*Plant 52.13 L0011
FF 1 J.oli Sub Ject*FF U.do b4
Subject*Plant 3 0,250 trror 4,11 LUl
Subject*Fy lo TR Lrror l.26 ceuld
Plant*FF 5 0094 teror l.50 YA
trror 32 24l
Total 74 4.331
FF = Forcing Function
138
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TABLE DS

MAIN EFFECTS FOR

PLANT AND FORCING FUNCTION

SCORE
PLANT (LSD = 5.8) PLANT
1 218 1
s 23.7 us
182 4.5 182
FORCING SCORE FORCING
FUNCTION (LSD = 7.1) FUNCTION
1 18.6 5
: 2 26.9 3
3 30.4|l 4
4 36.3 1
5 3738 i 2
NOTE: MEANS CONNECTED BY THE SAME LINE ARE NOT
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1B ah o
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SIGNIFICANTLY (P «. .05) DIFFERENT
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APPENDIX E

The Effect of Noise and Acceleration Stress on Human Performance -
Literature Review

The specific effect of noise stress on human performance is almost
as elusive as the definition for mental workload. Mixed results exist
regarding the effect of high noise stress (100 dB) on operator perform-
ance.

Noise and Performance Literature Review

In his review of the literature on the experimental evidence of the
effect of noise on human performance, Kryter (1970) concluded that most
studies which showed deleterious effects of noise could be criticized on
the basis cf faulty experimental procedures. Koelega (1986) confirmed
this opinion in his evaluative review of noise and vigilance in which he

concluded that the literature on the effects of noise on monitoring

0
)

v
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L
N
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v
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performance shows a disappointing lack of consistency in results. Apart

-

from the obvious masking effects of noise resulting in performance
decrements on tasks that require perception of auditory signals, noise
can cause decreases in efficiency on nonauditory - dependent tasks
(Beljan, Rosenblatt, Hetheringtcrn, Lyman, Filawm, Dale, and Holley,

1972). Jerison {1963) conrluded that ..{. dB noise can cause megsurabie

"'f;'. -I‘{‘-l:-“- tA.;_.;

changes in human pertormance. Jer son teung that time judgment wss
distorted by noise as was performance nn a mental counting task.

Ambient white noise (50-90 uB) was fuund to have no significant effect

XN L L C N
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upon vigilance performance (Blackwell & Belt, 1971). Broadbent and i;i
Gregory (1965) found that 100 dB noise increases performance decrements :a
on vigilance tasks. Hamilton and Copeman (1970) showed that 100 dB E*’
noise increased performance on a tracking task. In one study, E{
(Grimaldi, 1958) a tendency for more errors and less precision was ;
observed when working in a noisy environment. Response times were a;{
slower and the number of errors greater when noise levels ranged between é;
} 90-100 dB and the frequencies were the highest. One of the most "
prevalent theories explaining the effects of noise on work performance 5&
is the distraction-arousal theory (Teichner, 1963). The . ;E
distraction-arcusal theory holds that noise can have two distinct 2;
effects on a person. One effect is to distract the subject from what he ;*‘

is doing and the second effect is to increase the subject's level of

| ¢
arousal. [‘

5
Noise as an environmental stressor can be acute, short-term or gil
chronic. Sonic booms or sudden loud noises can affect performance by gsﬁ
distracting the subject. Chronic noise exposure, even where the ambient ‘T
noise is high such as in a cockpit, tends to show no detrimental effact ;:’
on performance. This phenomenon may be due to subject adaptation to the ﬁ:
.
noise. Short-term or intermittent noise has been shown to be the most ;j
distracting and performance degrading (McCann, 1969; Poulton & Chin, .
1970). é;
<

Typical noise levels have been rocorded in the F-16A aircraft
(Hille, 1979). Noise levels as high as 117 dB A-weighted in an F-16A
cruising at 5000 feet at 48C knots indicated airspeed with the
environmertal control system on (defogger on maximum speed) have been

recorded in the cockpit. The helmet (HGU 2A/P with custom liner)
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suppressed this noise level approximately 20 dB A-weighted but noise ‘;
levels ranging between 90-120 dB A-weighted are not uncommon in the b
F-16A cockpit (Hille, 1979). s

o

The effect of noise on primary and subsidiary task performance has E:
been examined (Bell, 1978). Subjects were exposed to two noise levels, -
55 and 95 dB A-weighted and performed a primary pursuit motor task and a ;&%
subsidiary mental arithmetic task. The results indicated that exposure | ;5'
to high levels of noise had detrimental effects on subsidiary task . :;
performance. These results were consistent with those of previous ﬁg
researchers (Finkelman & Glass, 1970) and the observed performance }Q
decrements may well be due to an environmental overload of subjects' !f
capacities to process information. S;:

In summary, noise stress appears to have two distinct effects on Ei

: : g

humans. One effect is that noise can distract; the other effect is that i{
noise can aronuse the operafor, If noise auts to arouse the operator, i;;’
one might expect improved reaction times and better visual-motor perform- é;?
ance under noise stress compared to the ambient, noise-free environment 2F
cordition. ; ?
Wy

The literature regarding the effect of acceleration on human

performance i1s, perhaps, more conclusive than that for noise stress.

1
)|

X ' 3?'

n

s

Because of the Space program, much of the acceleration performance work

et

v
L)

was initiated in the late 1950's and early 1960's. Researchers were

-

interested in determining how man was going to perform while entering

M

%

and returning from space.

.-

’
'ft.

Acceleration and Performance Literature Review

Prior to a review of the pertinent acceleration literature, a

I.f

Pl d

definition of body axes accelerations are in order. +GZ acceleration is

o I

<
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that acceleration directed along the individual's z axis, or head-to-tce
direction in a standing subject, or along the spine in an upright,
seated subject. +Gx acceleration is that directed from the chest to the
back; it would be thought of as perpendicular to the spine. Gy
acceleraticn is lateral acceleration and is applied from the left to
right or right to left in the subject. A summary of body axes accelera-
tions is provided in Appendix A.

One of the earliest studies involving the effect of acceleration on
mental functioning was performed over forty years ago (Kerr & Russell,
1944). 1In this study, subjects weire exposed to levels of acceleration
high enough to produce dimming of vision and blackout; attendant impair-
ment of cerebral function was also reported. This effect was observed
in subjects who became confused, failed to remember parts of the proce-
dure and suffered loss of control of voluntary movement. “he zverage
threshold of unconscinusness was 5Gz (unprotected) lasting from 3 to 6C
secerds after the centrifuge stopped. Hallenbeck (1946) reported
similar findings. He presumed that central nervous system and hence
cegnitive processes are affected by G levels below those that result in
unconsciousness.

Reaction time experiments under G stress were conducted to examine
the functioning of higher mental centers. In one experiment (Canfield,
Comrey, Wilson, & Zimmerman, 1950) subjects were required to determine
the direction that a red light lay in relation to a greer one on a parel
and to make a response which indicated the proper direction whenever a
red light was presented. Acceleration up to 5G had no significant
effect on time required for the reaction. Evidence for increased simple

reaction time under acceleration, however, was found in o previous
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experiment (Canfield, Comrey & Wilson, 1949).

In a discrimination experiment {Warrick & Lund, 1946), errors in
dial reading increased as a function of increased acceleration. No
significant effects of acceleration were found in another experiment
(Canfield, Comrey & Wilson, 1948) which looked at matching one of four
similar figures (e.g. ships, clocks, and jugs) in a pattern which
exactly matched a central figure. The authors considered these a
measure of perceptual speed ability, however, their scores were not
expressed in terms of speed but in terms of errors. The subjects
(non-pilots) wore anti-G suits and were tested at +1, +2.5 and +4G, with
15 sec at peak G. Some decrement occurred at +4Gz, but onlv for the
first half of the runs each day of the experiment.

Another unknown from the acceleration performance literature was
the nature and extent of cognitive impairment likely to result from the
reduced flow of blood to the brain under acceleration stress. Some
studies directed toward this auestion looked at color discrimination,
mathematical skilis and short-term memorv. Attempts to measure color
determination and coler naming ability yielded few significan* results,
at least at +3GZ (Frankenhauser, 1945). Somewhat greater success has
been achieved in producing cognitive decrement with tests of simple
mathematical skills. Frankenhauser found that the speed of multipli-
cation and subtraction decreases significantiy at +3GZ. The most
thuroughly investigated aspect of high mental performance under acceler-
ation is short-term memory. Numerous experiments by Chambers and his
colleagues have shown memory impairment at high *Gx Tevels (Chambers,
1961; Chambers, 1963; Chambers & Hitchcock, 1963). The results of these

studies indicated that acceleration levels up to +SGX did not
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significantly affect performance on memory tasks, measured as the mean
percent of correct trials. Acceleration stress greater than +SGx did
reduce memory performance.

Creer (1962) investigated the influence of various acceleration
profiles as well as simulated vehicle dynamics upon tracking profic-
iency. TheAmaximum acceleration magnitudes were +6GZ, +6GX, and -6Gx
for 2.5 minutes. Creer found that for a relatively easy control task,
involving heavily damped (no cscillations or overshoot) vehicle dyra-
mics, no tracking decrement occurred at any acceleration level. In the
1ightly damped case however, which produced approximately 20% greater
errors at one G, performance detericorated markedly above 4G and was
relatively independent of the direction of the acceleration. These
results indicated the importance of using a demanding task to show early
performance decrement. Another significant point is that control
performance is no less effective at +GZ than at :Gx, provided no sericus
visual impairment occurs.

Chambers and hitchcock (1963) also emphasized the importance of the
averall difficulty ¢7 the respective task and the resulting effect cn
G-stressed performance; the more inferior the aercdynamic characteris-
tics of the simulated vehicle, the greater the lik2lihood of infericr
human performance under G conditions. By using G levels higher than
those in an earlier study, Creer (1962} was able to differentiate
clearly between the diftferent vectors, Gx and G:, employed. ATl runs
lasted 2.5 minutes and vchicle motions were well-damped. Between +6G,
and +96Z performance dropped rapidly, while only slight decrement was
observed from +lGX up to +l4GX. This difference wa: attributed primar-

ily to the serious visual degradatiorn occuring above +7GZ. Significant
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decrements in psychomotor performance during accelerations of 5, 7, and

+9GX were found by Little, Hartman and Leverett (1968). Performance
decrement was observed with the degree dependent on the level. Succes-
sive runs did not result in progressive decrement; after the first run,
performance improved and reached an asymptote on runs two and three.
Little et al. (1968) observed that (1) performance decrement resulted
from either mechanical (limb-loading, etc.) or stress-specific factors
rather than physiologic insult and (?) the physiologic responses were
clearly short of any objective medical or operational endpoint. Little
et al. (1968) recommended that future studies should be directed at
defining the point at which the physiological response curve crosses the
decrement in psychomotor performance curve in order to define an opera-
tional endpoint.

One of the most comprehensive reviews on performance and accelera-
tion was published 16 years ago (Grether, 1971). Grether concluded that
both simple and choice reaction times to visual signals generally
increased during exposure to +GZ acceleration and that this effect
tended to diminish or disappear as subjects became more accustomed to
acceleration. Tracking and¢ flight control showed progressive impairment
with increasing +GZ acceleration and somewhat less impairment with ‘Gx
acceleration. Intellectug! or central nervous functions seem to be more
resistant to impairment by acceleration (Grether, 1971).

Tracking performance with GZ protection devices/methods (tilted
seats, positive pressure breathing, breathing maneuvers, anti G-suits,
weight-training) have been the most , rular research topics in the past
15 years. One of the typical experiments involved measuring pilot

tracking performance in a high GZ environment as a function of seat back
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angle (Rogers, 1973). Rogers found significant improvements in perform- 3

ance as the seat back angle was varied between 30° and 60° from the r
u vertical. This improvement was attributed to increased blood flow to :'
: the head (eyes, brain) as a result of minimizing the eye-to-heart blood :f
column., Subject performance was found to be inversely related to the =
level of G exposure and rapidly deteriorated above +6GZ. g:
In their simulated aerial combat maneuvering (ACM) scenario at tre )
USAF School of Aerospace Medicine centrifuge, Burton and Shaffstall :?
(1978) were unable to repeat the 55% increase in tracking performance §
reported earlier by Rogers (1972). This discrepancy is attributed to ;‘

the differences in the tracking tasks used by Rogers and that used by ;_
. Burton. Loose, McElreath and Potor (1976) found an increase in Root ig
. Mean Square error as a function of increasing +GZ in a 2-dimensional E%
tracking task. The task involved combined lateral +Gy and head-to-toe, g:
+GZ, motions with 1.6, 3 and SGZ acceleration levels. E.
. More recently, Lisher and Glaister (1978) studied the effects of E:
+GZ acceleration on performance of the Manikin test. This test involves g;
; the perception of a figure's orientation with respect to the observer E;
and appears to tap cognitive resources associated with spatial orienta- Et
tion (Carter & Wolstad, 1985). Lisher and Glaister varied acceleration ;‘
from 1 to IOGZ in addition to using three different seat back angles V:
) (17, 52, and 67 degrees) from the vertical. Performance on the Manikin o\
test was not affected by +GZ acceleration up to and including +6GZ. :

{ Seat back angle had a significant effect on performance. Burton ard E
Shaffstall (1980) in a +4.5 to 7.OGZ simulated aerial combat maneuvering 3&
(ACM) task found no effect for seat back anale on tracking performance :(
but did find that increasing seat back angle improved the subject's G 3?
. 2
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tolerance. Piranian (1982) investigated pilot tracking performance or a

visually-simulated ACM scenario in the Navy centrifuge (Naval Air
Development Center, Warminster, PA). The task was to pursue a target
aircraft into a +SGZ wind-up, or circling, turn and to hit the target at
various G Tevels. Tracking performance was measured in terms of pro-
jected miss distance from the target, percentage of time within 10 mils
of the taraet and pilot opinion ratings. Piranian measured a 20"
decrement in performance at 5G compared to 1G which agrees with the
trend found by other researchers.

Research by Albery, Ward, and Gill (1985) examined per‘ormance in a
maze solving task under +GZ acceleration, This task appears to tap
resources associated with spatiai processing and problem solvina. In
this study, subjects were exposed from 1.5 to +GGZ. In addition to the
performance measure, subjective measures of operatér workload were
obtained with SWAT. The results of this study indicated that perform-
ance on the maze-sciving task was not significantly affected by +GZ
SWAT showed a systemetic increase as a functicn

acceleration. However,

of +Gz acceleration. The authors conciuded "the maze-solving task did

not force subjects to work at capacity, and allowed them sufficient

"

processing rescurces to compensate for the effects of the +G_ stress.

The studies by Albery et al. (1985) and Lisher and Glaister (1978

did not produce +G_ related performance impairment on cognitive tasks up

to and including *662. These results support Grether's ('971) conclu-
sion that cognitive or intellectual functions dare more resistant to the
effects of GZ stress relatije to visual and motor functions. Altevna-
tively, it is also possible that the tasks utilized by the above re-
searchers may not have impnsed sufficient demand on the operator for the
148
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effects of GZ stress to be realized. Research by Repperger (1984) on a
compensatory tracking task showed that the addition of +GZ stress
increased tracking errors and produced results similar to a more diffi-
cult one G tracking task. Repperger (1984) found greater performance

decrements as a function of +Gz acceleration for the more difficult

tasks relative to the easier tracking tasks.
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TABLE 1

EXPERIMENTAL DESIGN FOR
NOISE PHASE

200" a0 00 AT R 92" 6D, 2, S gat pa® gav gov ‘9o’ g

COMBINATION PLANT THREATS  NOISE (dB) SUBJECT DAY 1 DAY 2
1 P2 0 A 1 1F 24R
2 - 4 %0 2 17R 18F
3 P3 2 100 3 8F R
4 P2 0 0 4 4R 5F
5 P3 4 100 5 21F 20R
6 - 2 A 6 13R 14F
7 P2 4 30 7 3F 2R
8 P3 0 100 8 19R 20F
9 P2 2 90 9 11F 10R
10 — 4 A
11 P3 2 90
12 P2 4 100
13 P3 0 90 —— ,,._______I
14 P2 4 A \
15 - 2 100 LEGEND: l
18 P3 4 A ; ab .

, , .
:g ::g g 20 i a = COMBINATION
19 _ 2 %0 | b = DIRECTION
20 P2 0 100 F = FORWARD i
21 P3 2 130 R = REVERSE I
22 — 4 = )
P P2 2 A ‘ A = AMBIENT !
24 P3 4 9% |
L __ _ _
TABLE 2
ACCELERATION |
GROUP  COMBINATION PLANT  THREATS G's) | SUBJECT DAY1 DAY2
1 Pl 4 LOW 1 1-12F 2-8R
2 . 2 HIGH 2 2.11R 1-3F
3 P2 u BASELINE V 3 1-9R 2.6F
4 P7 2 LOW : 4 2-3F 1R
5 (44 4 HIGH { 5 I-8F 2-3R
) 5 - 2 3ASELINE l 6 2R 111F
? P 4 HIGH ! 7 11R 2.7F
8 P2 0 LOW ‘ 8 2\0F 14R
9 by 2 BASELINE
10 P2 " HIGH !
" - 4 LOW |
12 P2 J SASELINE
. . 1 AASELINE |
2 P2 . HIGH |
3 P3 4 LOwW i LEGEND:
4 P2 4 BASELINE I abe
5 Py " HIGH i a - GHOUP :
2 t; oy ;’ ML?\L'VNt " b = COMBINATION |
SELINE . '
; o 3 v . . DIKECTION ‘
9 - 4 HILH F = FORWARD !
10 P3 0 BASELINE | R = REVERSE |
11 P2 4 1 OW
12 P3 é HIGH ]
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TABLE 3

SUBJECT G TOLERANCES —EXPERIMENT I

SUBJECT HIGH RELAXED LOWER
TOLERANCE EXPOSURE
(G's) (HIGH-1.0G’s)
830010 3.0 2.0
850013 35 25
860005 35 25
850001 35 2.5
830013 4.0 3.0
860016 4.0 3.0
840003 4.0 3.0
860002 4.5 35
MEAN 3.75 2.75
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SOURCE
SUBJECT
TASK
NOISE

SUBJECT*TASK
SUBJECT*NOISE
TASK*NOISE

ERROR
TOTAL

TABLE 40.

DF SUM OF SQUARES
8

10811
7 23472
2 8530
56 7044
16 3980
14 1822
112 12585
21% 67913

(1) MAIN EFFECTS FOR TASK (LSD = 6.1)

TASK

0-2
0-4
1/5-0

1/52-0

1/8-2
1/5-4
1/52-2
1/52-4

MEAN

9.5
14.7
16.0
21.3 I
25.0
29.4 l
33.6
43.6

ANOVA TABLE, SWAT AND NOISE

ERROR TERM F-VALU
ERROR 12.06
SUBJECT*TASK 26.66
SUBJECT*NOISE 17.15
ERROR 1.12
ERROR 2,22
ERROR 0.57

£ P-VALUE
.0001
.0001
.0001
.29948
.0081
.4887

(11} MAIN EFFECTS FOR NOISE (LSD = 5.6)

NOl.z

A
90

100

MEAN

(11T)COMPARISON OF PLANT MEANS (LSD = 4.3) (IV)COMPARLSON OF TARGETS MEANS (LSD = 4.3)

PLANT

MEAN TARGETS MEAN

0 12.1 0 18.7

1/5 27.2 2 29.2

1/52 38.5 4 36.5

TABLE 4E. ANOVA TABLE, SWAT AND ACCELERATION

SOURCE OF SUM OF SQUARES ERROR TERM F-VALUE  P-VALUE
SUBJECT 7 11521 ERROR 11.97 .0001
TASK 7 24060 SUBJECT*TASK 11.86 .0001
ACC 2 24207 SUBJECT*ACC 40.32 0001
SUBJECT*TASK 49 14201 ERROR 2.11 .0009
SUBJECT*ACC 14 4203 ERROR 2.18 L0135
TASK*ACC 14 2082 ERROR 1.08 .3836
ERROR 98 13475
TOTAL 191 93749
(1) MAIN EFFECTS FOR TASK (LSD - 9.9) (11) MAIN EFFECTS FOR ACC (LSD = 6.6)

TASK MEAN ACC Mt ON

0-2 8.7 BASE 12.5

0-4 9.6 LOW 19.3

1/5-0 15.4 HIGH 39.0

1/5-4 24.6

1/s-2 25.0

1/52-0 26.9

1/52-2 36.8

1/52-4 41.7

(111} COMPARISON OF PLANT MEANS (LSD = 7.0){1V) CUMPARISON OF TARGETS MEANS (LSD = 7.0)

PLANT

0
1/5
1/52

O AT A LA A, 4 B S NN
.c.‘. A e N z

MEAN

9.1
24.8
39.2

TARGETS
0

4
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TABLE S5A. ANOVA TABLE,
SOURCE OF

SUBJECT 8
TASK 5
NOISE 2
SUBJECT*TASK 40
SUBJECT*NOISE 16
TASK*NOLSE 10
ERROR 79
TOTAL 160

TASK

1/5-0
1/s-2
1/5-4
1/52-0
1/52-2
1/52-4

PLANT

1/s
1/se

TABLL B, ANUVA TABLE,

SOURCE DF
SUBJECT 7
TASK 5
ACC e
SUBJECT*TASK 34
SUBJECT*ACC 14
TASK*ACC 10
ERROR 70
TOTAL 143

TASK

1/5-0
1/5-2
1/5-4
1/52-0
1/52-2
1/52-4

PLANT

1/5
1/s2

SUM OF SQUARES

SUBJECT*NOISE

{1} MAIN EFFECTS FOR TASK (LS50 = 2 {11) MAIN EFFECTS FOR NOISE (LD -

(111} COMPARISON OF PLANT MEANS'L

s
[< 2 <)

~o—

CUBJECT*TASK

—_—C U s~

(1) MAIN EFFECTS FOR TASK (L0 -

FOFS FY ot g
LN Y B
& e

DO D

(111) COMPARISON OF PLANT

i

~I‘J\II-J‘#‘.’\~,A‘- I(J‘J‘J"-’\'_

PRIMARY TRACKING TASK ERROR SCORE AND NOISE

1.

50 = 2.1) (1v) COMPARISON OF TARGETS MEANS(LSD =

PriMakY TRACKLING TALK ERROK SCUKE AND ACCELERATiuN

I -vALUE

L4
.23
.48
.50
.61
LUe

VELY MAIN EFFECTS FOR ACC (LSO = 1.

{IV) COMPARISON Of TAKGLETS MEANL{LY

T R

9

RN AT AN
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TABLE 6A. ANOVA TABLE, SECONDARY TASK PERFORMANCE AND NOISE \
*
SOURCE OF SUM OF SQUARES ERROR TERM F-VALUE  P-VALUE -'
SUBJECT 8 4625 ERROR 14,23 .0001 0
TASK 5 1395 SUBJECT*TASK 2.79  .029 ¢
NOISE 2 62 SUBJECT*NOISE 0.93  .4139 at
SUBJECT*TASK 40 3998 ERROR 2.46  ,0003 W
SUBJECT*NOISE 16 534 ERROR 0.82  .6578 Y
TASK*NOISE 10 525 ERROR 1.29  .2486 ¢
ERROR 80 3249 2
TOTAL 161 14388
(1) MAIN EFFECTS FOR TASK (LSD = 5.5)  (I1) MAIN EFFECTS FOR NOISE (LSD = 2.4) ;,:,
- TASK MEAN (%) NOISE MEAN (%) N
1/52-4 84.3 100 88.2 i
1/5-4 86.9 A 88.3 9
. 0-4 87.3 90 89.6 -
1/52-2 89,2 )
1/5-2 91.9 o
0-2 92.7 g
I:::
(111) COMPARISON OF PLANT MEANS(L.D = 3.9) (IV) COMPARISON OF TARGETS MEANS{LSD = 3.1} ":
PLANT MEAN (! TARGETS MEAN (*) !.r‘
1/52 86.7 4 6.2
/s 89.4 2 91.3 oy
n 0.0 '
l.|;
TABLE 6B. ANOVA TABLE, SLULONGARY TASK PERFORMANCE AND ACCELERATION *
SOURCE OF SUM OF SOUARES EKROR TERM F-VALUE  P-VALUE 3
by
SUBJECT 7 bes ERKOR 191 L0811 .
TASK 5 823 SUBJECT*TASK l.le  .3489
ACC 2 2u3 SUBJECT*ACC 1.56  ,2446
SUBJECT*TASK 35 44/4 £KROR 2,77 .000C "
SUBJECT™ACC 14 1178 ERROR 1.64  .0894 >
TASK*ACC 10 bll ERKOR 1.1y .31 >
ERROR 69 355t )
TOTAL 182 12153 )
o
(1) MAIN EFFECTS FOR TASK (LSD = 7.0} (I} MAIN EFFECTS FOF ACC (LSD = 4.0) ) ."
TASK MEAN (') AcC MEAN (%) )
1/52-4 8e.5 HICH 91.1 !
0-4 92.1 BASE 93.9 ’
1/52-2 93.4 LOW 94,1 e,
1/5-4 93.5 ’
1/8-2 93.8 ;.,,
0-2 96.8 ol
. (111) COMPARISON OF PLANT MEANS(LSD - 4.9} (Iv) COMPAKISUN OF TAKGETS MEANS(LSU - +.u)
AT
-
PLANT MEAN (%) TARGETS MEAN (:) At
1/52 9'.0 a 91.4 Ko
/S 93.7 2 94.¢ -
0 94.4 .
]
)
o
-
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TABLE 7A. ANOVA TABLE, SECONDARY TASK REACTION TIME AND NOISE

SOURCE DF SUM OF SQUARES ERROR TERM F-VALUE P-VALUE
SUBJECT 8 .1356 ERROR 34.81 .0001
TASK 5 .0327 SUBJECT*TASK 6.09 .0003
NO(SE 2 .0058 SUBJECT*NOISE 5.14 .0189
SUBJECT*TASK 40 .0430 ERROR 2,21 .0013
SUBJECT*NOISE 16 .0089 ERROR 1.15 .3274
TASK*NOISE 10 .0049 ERROR 1.01 .4448
ERROR 80 .0390

TOTAL 161 .2699

(1) MAIN EFFECTS FOR TASK (LSO = .018) (11) MAIN EFFECTS FOR NOISE (LSD = .010)

TASK MEAN (SECONDS) NOISE MEAN (SECONDS)
0-2 .674 100 .694

1/5-2 .689 90 .695

1/52-2 .699 A .707

0-4 .701

1/5-4 .713

1/52-4 715

(111) COMPARISON OF PLANT MEANS(LSD = .013)(Iv) COMPARISON OF TARGETS MEANS(L.SD = .010)

PLANT MEAN (SECONDS) TARGETS MEAN (SECONDS)
0 .687 2 .687
/S .101 4 710
1/s2 .707

\

TABLE 78B. ANOVA TABLE, SECONDARY TASK REACTION TIME ANO-ACCELERATION

SOURCE Of SUM OF SQUARES ERROR TERM F-VALUE  P-VALUE
SUBJECT 7 L1331 ERROR 11.31 .0001
TASK 5 .087 SUBJECT*TASK 1.70 .0001
ACC 2 .002 SUBJECT*ACC 1.29 . 3056
SUBJECT*TASK 35 .079 ERROR 1.37 .1323
SUBJECT*ACC 14 .012 ERRQOR 0..3 .9046
TASK*ACC 10 .006 ERROR 0.37 .954]1
ERROR 70 .116

TOTAL 143 .433

(1) MAIN EFFECTS FOR TASK (LSD = .fNZs} (11) MAIN EFFECTS FOR ACC (LSC = .013)

TASK MEAN (SECONDS) ACC MEAN (SECONDS)
0-2 .624 LOW .663

1/5-2 .652 BASE .670

0-4 .672 HIGH .672

1/52-2 .673

1/5-4 688

1/52-4 700

(111) COMPARISON OF PLANT MEANS(LSD = .020) (IV) COMPARISON OF TARGETS MEANS{LSD - .016)

PLANT MEAN (SECCNDS) TARGETS MEAN (SECONDS)
0 .b48 2 .650
/5 .670 4 .687
1752 .687

202




T v - s ad
o e B WS W W v W MW W ! ¥ ) TV ' ‘
O P T LIt T8, Non . " R MR PRI T X AR TP W Y W W W W WA W ) NECae gttt gt f :

L A A P -

o
= L]
\
"
¥ '
® '(
b TABLE 8A. ANOVA TABLE, MAN-MACHINE RESPONSE TIME AND NOISE
" SOURCE OF SUM OF SQUARES ERROR TERM F-VALUE  P-VALUE
U
" SUBJECT 8 L6771 ERROR 10.21  .0001 9,
! TASK 5 .9260 SUBJECT*TASK 8.01  .0001 Y
NOISE 2 .0294 SUBJECT*NOISE 2.83  .0888 v
3 SUBJECT*TASK 40 .9247 ERROR 2.79  .000! g
1 SUBJECT*NOISE 16 .0831 ERROR 0.63  .8530 s
A TASK*NOISE 10 1779 ERROR 2.15  .0299 .
8] ERROR 80 .6630
TOTAL 161 3.4811 .
I .
i (1) MAIN EFFECTS FOR TASK (LSD = .084)  {II) MAIN EFFECTS FOR NOISE (LSD = .029) Y
3 TASK MEAN (SECONDS) NOISE MEAN (SECONDS) '
A 1/5-2 .752 100 .a12| y
‘? 1/5-4 153 A -840 I
1/5-0 .706 90 .842 \
. 1/52-0 .884 \
48 1/52-2 .913 \
) 1/52-4 922 \
) at
i (111) COMPARISON OF PLANT MEANS(LSD = .048) (IV) COMPARISON OF TARGETS MEANS(LSD = .059) ]
.‘ .?
)
[ ¥
~ PLANT MEAN (SECONDS) TARGETS MEAN (SECONDS) :
/s .757 a .B25 .
N 1/52 .906 2 .832 :
{ 4 .838 b
v
3 \ ,
p TABLE 8B.  ANOVA TABLE, MAN-MACHINE RESPONSE TIME AND ACCELERATION J
'.: SOURCE OF SUM OF SQUARES ERROR TERM F-VALUE  P-VALUE
',: SUBJECT 6 .420 ERROR 7.30  .0001
B TASK 5 1.819 SUBJECT*TASK 31,42 ,0001
d ACC 2 .080 SUBJECT*ACC 4,22 .0410
SUBJECT*TASK 30 .347 ERROR 1.21  .2645
SUBJECT*ACC 12 114 ERROR 0.99  .4715 y
B/ TASK*ACC 10 .042 ERROR . 0.44  .9219 ,
:a ERROR 60 .576 ¢
f'l TOTAL 125 3.398 3
4 :
;. (1) MAIN EFFECTS FOR TASK (LSD = .068)  (Il) MAIN EFFECTS FOR ACC (LSD = .046) ;
TASK MEAN (SECONDS) ACC MEAN (SECONDS) 2
(]
[ 1/s-2 .694 LOW .7B4| \
) 1/5-4 .69% ’ HIGH .828 l \
d 1/5-0 _ 107 . BASE .844 \
' ' 1/52-2 .926 ]
1/52-0 .938 (
. 1/52-4 .951
(111) COMPARISON OF PLANT MEANS(LSD = .039) (IV) COMPARISON OF TARGETS MEANS(LSD = .048)
~ J
“»
> PLANT MEAN (SECONDS ) TARGETS MEAN (SECONDS)
/s .699 2 .810 .
N 1/52 .938 0 .823
4 .823
b 3
! N
[y
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TASK

0-2
0-4
1/5-0
1/52-4
1/52-2
1/52-0
1/5-2
1/5-4

(1) MAIN EFFECTS FOR TASK (LSD = 1.,9)

MEAN

72.
73.
73.

SOURCE OF SUM OF SQUARES
SUBJECT 6 18395
TASK 7 142
NOISE 2 27
SUBJECT*TASK 42 396
SUBJECT*NOISE 12 97
TASK*NOISE 14 122
ERROR 80 477
TOTAL 163 19654

(8PM)
3

74.8
75.4

4
5
74.0
74.5
74.8

PLANT MEAN (BPM)

0 72.9‘

1/52 78.2 ‘

/s 75.1

TABLE 9B.

SOURCE OF SUM OF SOUARES
SUBJECT 7 20082
TASK 7 905
ACC 2 22161
SUBJECT*TASK 49 2197
SUBJECT*ACC 14 4523
TASK*ACC 14 1511
ERROR 98 3527
TOTAL 191 55505

TASK

1/5-0
0-2-
0-4
1/5-2
1/52-0
1/5-4
1/52-2
1/52-4

PLANT

0
1/s
1752

{1) MAIN EFFECTS FOR TASK (LSD = 4.4)

MEAN

MEAN

89
92
93

(8PM)
d
.5
.8
.4
.5
.0
.3
.6

(8PM)

.1
.7
.5

204

TABLE 9A. ANOVA TABLE, HEART RATE AND NOISE

YT N R A Y

ERROR TERM F-VALUE  P-VALUE
ERROR 514,50 .0001
SUBJECT*TASK 2.15 .0586
SUBJFCT*NOISE 1.68 .2269
ERROR 1.96 L0357
ERROR 1.36 .2029
ERROR 1.46 . 1440

NOTSE

A
100
90

(111) COMPARISON OF PLANT MEANS (LSD = 1.4)(1V) COMPARISON OF

TARGETS

0
2
4

ERROR TERM

ERROR
SUBJECT*TASK
SUBJECT*ACC
ERROR

ERROR

ERROR

ACC

BASE
LOW
HIGH

TARGETS

0
2
4

(11) MAIN EFFECTS FOR NOISE (LSD = 1.2)

MEAN (BPM)
73.7

73.9
74.7

TARGETS MEANS (LSO - 1.4)

MEAN (BPM)

74.1
74.6
74.7

ANOVA TABLE, HEART RATE AND ACCELERATION

F-VALUE P-VALUE
19.71 .u001
2.27 L0443
34.30 .0001
1.59 .0271
8.98 0001
3.00 .0007

(11} MAIN EFFECTS FOR ACC (LSD = 6.8)

MEAN (BPM)

19.0
89.8
109 2

(111) COMPARISON OF PLANT MEANS(LSO = 3.1) (IV) COMPARISON OF TARGETS MEANS(LSD = 3.1)

MEAN (BPM,;

90.1‘
92.9 l
93.3

hl

€ e o om - -
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SOURCE

SUBJECT

TASK

ACC
SUBJECT*TASK
SUBJECT*NOISE
TASK*NOISE
ERROR

TOTAL

(1) MAIN EFFECTS FOR TASK (LSD = 3.4)

TASK

1/52-0
1/5-0
1/5-2
1/52-4
1/5-4
1/52-2
0-4
0-2

(111) COMPARISON OF PLANT MEANS(LSD = 2.4) (Iv) COMPARISON OF TARGETS MEANS(LSD = 2.4)

PLANT
1/$
1/52
0
SOURCE
SUBJECT
TASK
ACC
SUBJECT*TASK
SUBJECT*ACC
TASK*ACC
ERROR
TOTAL

(1) MAIN EFFECTS ion TASK (LSD = 4.7)

TASK

1/82-0
1/5-4
1/82-2
1/58-2
1/5-0
1/52-4
Q-2
0-4

TABLE 10A.
DF

7

7

2
49
14
14
97
190

ANOVA TABLEC, TOTAL EYE BLINKS AND NOISE

SuM OF SQUARES

5462
4121
12
lo71
118
141
1224
12811

MEAN (Blinks/Exposures)

SN~ SN O
e e e s e & = @
—OMN—NPAEOWw

——

MEAN (B1ink./Expucure)
7.6
7.7
18.0
TABLE 10b.
OF UM OF SQUARLS
6 16458
7 3921
2 1920
42 2363
12 2031
14 396
84 2062
167 79351

12,
1.
13.
13.
13.
15.
24,1
24,

!

Com PN W TN -

MEAN (Blinks/Exposure)

ACC

BASE
Lbw
HIGH

ERROR TERM F-VALUE  P-VALUE
ERROR 61.84 .0001
SUBJECT*TASK 17.26 .0001
SUBJECT*NOISE 0.69 .5164
ERROR 2.70 .0001
ERROR 0.67 .7986
ERROR 0.80 .6664

NOISE

90
A
100

TARGETS

0
2
4

ERROR TERM

ERROR
SUBJECT*TASK
SUBJECT*ACC
ERROR

ERROR

ERROR

(11) MAIN EFFECTS FOR NOISE (LSD = 1.1)
MEAN (Blinks/Exposures)

——
[=N = XV
PRy
W o— g

MEAN (Blinks/Exposure)

6.9
7.6
7.7

ANOVA TABLE, TUTAL EYE bLINKS AND ACCELERATION

F-VALUE  P-VALUE
101.98 .0001
9.95 .0001
5.67 .0184
2.09 .0021
6.29 .0001
1.05 L4131

(T1) MAIN EFFECTS FOR ACC (LSD = 5.4)

MEAN {Blinks/bxposure)

12.9
14.9
20.8

(LT1) COMPARISON OF PLANT MEANS(LSD = 3.3) (Iv) COMPARISON OF TARGETS MEANS(LSD = 3.3}

PLANT

/5
1/52
0

13.3
14.2
24.5

MEAN (Blinks/Exposures)

TARGETS MEAN
0 12.8
2 13.3
4 14.2

(Bl 1inks/Exposure)

e ® Tl
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-
P
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TABLE 11A.
SOURCE DF
SUBJECT 5
TASK 7
NOISE 2
SUBJECT*TASK 35
SUBJECT*NOISE 10
TASK*ACC 14
ERROR : 67
TOTAL 140

(1) MAIN EFFECTS FOR TASK (LSD = 13)

ANQVA TABLt, BLINK DURATION AND NOISE

SUM OF SQUARES ERROR TERM F-YALUE  P-VALUE
21324 ERROR 8.83 .0001
4684 SUBJECT*TASK 1.1 .1387
1433 SUBJECT*NOISE 1.12 .3649
13694 ERROR 0.78 .1841
6415 ERROR 1.28 .2582
4810 ERROR 0.69 L1791
33514
86192

(11) MAIN EFFECTS FOR NOISE (LSD = 12)

TASK MEAN (Milliseconds) NOISE MEAN (Milliseconds)
1/5-2 128 100 129

1/52-4 129 90 134

1/52-0 129 A 137

1/5-0 131

1/5-4 + 131

1/52-2 135

0-4 14}

0-2 145

{111) COMPARISON OF PLANT MEANS(LSD = 10) (IV) COMPARISON OF TARGETS MEANS(LSD - 10)

PLANT MEAN (Milliseconds) TARGETS MEAK (Millisecords)

1/s 129 0 130

1/52 132 4 130

0 143 Z 131

\ . TABLE 11B. ANOVA TALLE, BLINK DUPATION AND ACCELERATION

SOURCE DF SUM OF SQUARES ERROR TERM F-VALUE  P-VALUE
SUBJECT 5 22425 ERROR 14,68 .0001
TASK 7 749) SUBJECT*TASK 3.7 .0105
ACC 2 9614 SUBJECT#*ACC 12.92 .0017
SUBJECT=TASK 35 11811 ERROR 1.10 . 3586
SUBJECT*ACC 10 3720 ERROR 1.22 .2974
TASK*ACC 14 9132 ERROR 2.14 .0212
ERROR 63 19244
TOTAL 136 83326

(1) MAIN EFFECTS FOR TASK (LSD = 12)

(11} MAIN EFFECTS FOR ACC (LSD = 9)

TASK MEAN (Milliseccnds) ACC MEAN (Milliseconds)
1522 109 HIGH 116

1/5-4 110 l LOW 117

1/52-4 121 BASE 134

1/5-0 126 ,

1/82-2 ©o127

0-2 128

1/8-2 129

0-4 130

(111) COMPARISON OF PLANT MEANS(LSD = 9) (Iv) COMPARISON OF TARGETS MEANS(LSD = 9)

PLANT MEAN (Millisecinds) TARGETS MEAN {Milliseconds)
1/5 120‘ ] 115
1752 124 ‘ 0 118
0 129 2 128

R G R A R A A Ay R "oy
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TABLE 12A. ANUVA TABLE, P300 LATENCY AND NOISE

SOURCE 0f SuM OF SQUARES ERROR TERM F-VALUE  P-VALUE
SUBJECT 4 205231 ERROR 23.65 .0001

TASK 7 43284 SUBJECT*TALK 1.06 .4140

NOISE 2 4363 SUBJECT*NOISE 0.44 .6558

SUBJECT*TASK 28 163316 ERROR 2.69 .00C8

SUBJECTNOISE 8 34220 ERROR 2.26 .0361

TASK*NOISE 14 41724 ERROR 1.37 .1969

ERROR 56 121499

TOTAL 119 516638

(1) MAIN EFFECTS FOK TASK (LSO = v,

TASK

1/5-0
1/52-0
0-2
0-4
1/5-4
1/52-4
1/58-2
1/52-2

(LIT) COMPARISON OF PLANT MEANS(L .t

PLANT

0
1/5
1/52

SOURCE

SUBJECT

TASK

ACC
SUBJECT=TASK
SUBJECT*ACC
TASK*ACC
ERROR

TOTAL

(1) MAIN EFFECTS FOR TASK (LSD

TASK

1/5-0
1/52-0
0-2
1/52-0
0-4
1/52-4
1782-2
1/5-4

(111) COMPARISON OF PLANT MEANS(LSU

PLANT

v
175
1/52

S T I STy
AN DN R

(11) MAIN EFFECTS FOR NOISE (LSD = 36)

MEAN (Myiliseconds) NOISE MEAN (Milliscconds)
449 tul
452 90
467 A
478
485
489
497
506

470
479
485

40} (!v¥) COMPARISON OF TARGETS MEANS(LSD = 30,

MEAN (Milliseconds) TARGETS MEAN (Milliseconds)
473 0 451
491 4 487 ,
497 2 501
TABLE 12B. ANQWA TAusLE, F300 LATENCY AND ACCELERATION
OF SUM UF SQUAKEL ERROR TEkM F-VALUE  P-VALUEL
7 73014 tRROR £5.15 .0001
7 104944 SUBJECT*TASK 1.27 .2846
2 6165 SUBJECT*ACC 1.27 3102
49 974403 ERROR 5.82 .000!
14 33868 EKROR 1.19 .2934
14 26660 ERROR 0.94 .5203
94 100536
187 10,6373

- 63) (11} MAIN EFFECTS FOR ACC (LSD = 19)

MEAN (Milliseconds) ACC MEAN (Milliseconds)
450
461

463

LAk
L{mW
HiGh

417
430
443
463
465
479
480
488

45) (IVv) COMPARISON OF TARGETS MEANS(LSD = 45,

MEAN (Milliseconds) TAKGLETS MEAN (Milliseconds)
454 0 439
44y ¢ 455
480 4 483
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TASK

1/82-0
g-4
1/5-4
1/5-2
1/5-0
0-2
1/82-2
1/s2-4

(111) COMPARISON OF PLANT MEANS(LSD 3.

MEAN (Microvolits)

7.2

11.4

by
gy

11.9 A

i2.6
12.7
15.5
15.7
16.1

NUTSE

MEAN (Microvoits)

12.1
12.8
13.7

PLANT MEAN (Microvults) [ARGETS MEAN (Microvoite)
1/s 12.3l U 9.9
0 13.4 | 3 14.0
1/82 15.9 2 14.2

TABLE 13B. ANQVA TABLE, P30U AMPLITUDE AND ACCLLERATION
SOURCE DF SUM OF SQUARES ERROR TERM F-VALUE P.VALUE
SUBJECT 7 1623 ERROR 3.2 .0036
TASK 7 1465 SUBJECT*TASK 1.21 L3165
ACC ¢ 53 SUBJECT*ACC 0.34 173
SUBJECT*TASK 49 2489 ERROR 2.46 0001
SUBJECT*ACC 14 1082 f.RROR 1.10 L3708
TASK*ACC 14 129% CRROR 1.31 L2150
ERROR 92 6480
TOTAL 185 20859
(1) MAIN EFFECTS FOR TASK (LSD = 7.6) (11) MAIN EFFECTS FOR ACC (LSD = 3.3)
TASK MEAN (Microvolts) ACC MEAN (Microvolts)
1/5-0 10.8 BASE 14.0
1/8-2 11.2 LOW 14.8
1/52-0 12.1 HIGH 15.3
0-2 14.9
1/82-2 15.0
1/5-4 16.7
1/52-4 1.2
0-4 18.0

(L11) COMPARISUN OF PLANT MEANS{LSD -

PLANT

/s
1/52
0

A
A

5.47 (1V) COMPARILUN OF TAKGETS MEANS(LSD

MEAN (Microvolts) TARGETS MEAN (Microvolts)
13.9 0 H.5|
16.6 2 13.1 \
16.8 4 7.4
208
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TABLE [JA. ANUVA TABLE, PIUU AMPLEITUDE AND NOISE

SOURCE DF SUM UF SyUAKE S, ERROR TERM f-VALUE P-VALUL
SUBJECT 4 10 L1IROR 7.43 L0001
TASK b U SUBJECT*TASK 2,96 .0187
NOISE ) 2 ay SUBJECT*NOISE 0.61 L5675
SUBJECT*TASK 28 1270 ERROR 1.80 .0302
SUBJECT*NOISE a [ ] ERKROR 1.66 L1276
TASK*NOISE 14 534 ERROR 1.57 L1169
ERROR 56 1344
TOTAL 119 5170
(1) MAIN EFFECTS FOR TASK (LSD = 4.9) (11) MAIN EFFECTS FOR NOISE (LSD = 3.3)

5) (Iv) COMPARISON OF TARGETS MEANS(LSD = 3.5)

< 5.8
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TABLE 14A. ANOVA TABLE, EMG STANLAKD DEVIATION (STO) ANG NOISE
! SOURCE OF SUM OF SQUARES ERROR TERM F-VALUE  P-VALUE
| SUBJECT 5 26000 CRKOR 45.52  .0001
TASK 7 18809 UBJECT*TASK .41 .0070
NOISE 2 103 SUBJECT*NOTSE 0.54 5965
¢ SUBJECT*TASK 35 . 27614 ERROR 6.91  .0001
‘ SUBJECT*NOI SE 10 946 ERROR 0.83  .6017
, TASK*NOLSE 14 1538 ERKOR 0.96  .5006
A ERROR 68 rr6H
': TOTAL 141 #4200
(1) MAIN EFFECTS FOR TASK (LSD = 19.0)  (I[) MAIN EFFECTS FOR NOISE (LSD = 4.4)

TASK MEAN (Millivoits) NOLSE MEAN (Millivelts)
B : 1/5-0 42.9 90 57.2
| 0-2 43.9 A 57.7
; 1/52-0 48.4 o 59.2
0-4 55.6
. 1/5-2 60.2
1/5-4 66.1
_ 1/52-2 73.1
) 1/52-4 74.0
4
R (111) COMPARISUN OF PLANT MEANS(LSD - 13.4) (iv) COMPARISON OF TARGETS MEANS(LSD = 13.4)
PLANT MEAN (Millivolts) TARGETS MEAN (Millivolts)
¢ 0 49.el 0 45.6
3 /s 63.1 l 2 66.7
; 1/52 73.5 4 70.0
TABLE 14B. ANOVA TABLE. EMC “TANDARD DEVIATION (STD) AND ACCELERATION ‘
y SOURCE hl3 SUM OF SQUARES ERROR TERM F-VALUE  P-VALUE
1]
) SUBJECT 5 5786 ERROR 28.04  .0001
TASK 7 2388 SUBJECTTASK 4.21  .0018
! ACC 2 144 SUBJECT ACC 4.29 .0452
) SUBJECT=TASK 35, 2432 ERROK 1,96  .0084
y SUBJECT*ACC 10 lo/ £RROR u.41  .939
TASK*ACC 14 577 £RROR 1,00 .4647
’ ERROR 70 JBL
. TOTAL 143 14780
Y (1) MAIN EFFECTS FOR TASK (LSO - n.1; (11} MAIN EFFECTS FOR ACC (LSD = 1.9)
, TASK MEAN (Millivolte) Act MEAN (Millivolts)
; 0-2 14.8 LASE 19.0
h 1/52-0 17.0 LUk 19.3
" 0-4 17.0 HICH 21.3
! 1/5-0 17.1
' 1/5-2 19.3
b, 1/5-4 21.2
‘ 1/52-4 26.2
1/52-2 26.3
1
' (111) COMPARISON OF PLANT MEANS(LiD = 4.3) (1v) COMPARISON OF TARGETS MEANS(LSD = 4.3)
[}
h
' PLANT MEAN (Millivoits) TARGETS MEAN (Millivolts)
0 15.9 0 17.0
/s 20.2 > 22.8
1/5¢ 26,2 4 23.7
[ ]
3
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AROVA TABLE, MEAN ARTERIAL BLUOD PRESSURE AND NOISE

TABLE 15.
SOURCE DF
SUBJECT 8
TASX 7
NCISE 2
SUBJECT*TASK 56
SUBJECT*NOISE 16
TASK*NO]SE 14
ERPOR 112
TOTAL 215

(1) MAIN EFFECTS FOR TASK (LSD = 7.1)

SUM OF SQUARES

Y71
196
k74
346
299
176
1762
14343

ERROR TERM F-VALUE
ERROR 87.15
SUBJECT*TASK 1.86
SUBJECT*NOISE 2.46
ERROR 0.9
ERROR 1.19
EKROR 0.80

P-

P-VALUE

.0001
.0944
1172
.5596
.2876
.6680

(11) MAIN EFFECTS FOR NOISE (LSD = 1.5)

VALUE

.0001
.9390
.5571
.4067
L1724
.9518

TASK MEAN (mm Hg) NOISE MEAN (mm Hg)

0-2 93.2 A 94.0|

0-4 93.9 10u 95,1 l

1/5-2 94.2 90 95.5

1/550 94.7

1/55-4 95.4

1/5¢-0 95.5

1/5-4 95.9

1/52-2 96.0

(111) COHPARISON OF PLANT MEANS(LSU = 1.5) (1V) COMPARISON OF TARGETS MEANS(LSD - 1.9)

PLANT MEAN (um Hg) TARGETY MEAN (mn Hg)

0 93.6 0 95.1

1/5 95.1 2 95,1

1/52 95.7 4 95,7

TABLE 16. ANOVA TABLE, PERCENT ARTERIAL DXYGEN SATURATION AND ACCELERATION

SOURCE DF SUM OF SQUARES ERROR TERM F-VALUE
SUBJECT 3 517 ERROR 16.91
TASK 7 24 SUBJECT*TASK 0.31
ACC 2 7 SUBJECT*ACC 0.65
SUBJECT*TASK 21 230 ERROR 1.08
SUBJECT*ACC 6 33 ERROR 0.54
TASK*ACC 14 63 ERROR 0.44
ERROR 42 428
TOTAL 95 1202
(1) MAIN EFFECTS FOR TASK (LSD = 2.8)  (I[) MAIN EFFECTS FOR ACC {LSD = 1.4)

TASK MEAN (%)
0-4 93.3
1/52-0 94.4
0-2 94.5
1/5-0 94.6
1/5-4 94.7
1/5-2 94.8
1/52-4 94.9
1/52-2 95.1

ACC

HIGH
BASE
LOW

MEAN (%)

94.3
94.5
94.9

(111) COMPARISON OF PLANT MEANS(LSD = 2.0) (1V) COMPARISON OF TARGETS MEANS(LSD - 2.0)

PLANT MEAN (%)
0 93.9
1/S 94.8
1752 95.0

TARGETS

0
q
2

210

MEAN (1)

94.5
94.8
95.0
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TABLE 17.

SOURCE

SUBJECT
TASK
ACC

SUBJECT*TASK

SUBJECT*ACC
TASK*ACC
ERROR

TOTAL

(1) MAIN EFFECTS FOR TASK (LSD = 9.3)

TASK

1/5-4
1/5-0
0-4
1/52-0
152-2
0-2
1/5-2
1/52-4

(111) COMPARISON OF PLANT MEANS(LSD = 6.6) (Iv) COMPARISON OF TARGETS MEANS{LSD = 6.6)

PLANT
1/8

0
1/52

-t

ANOVA TABLE, PERCENT TEMPORAL ARTERY FLOW VELOCITY AND ACCELERATION

DF SUM OF SQUARES ERROR TERM F-VALUE
6 2436 ERROR 3.70
7 1262 SUBJECT*TASK 1.22
1 6285 SUBJECT*ACC 20.64

42 6205 ERROR 1.3%
6 1827 ERROR 2.78
7 871 ERROR 1.13

42 4608

111 23494

MEAN (%)

16.1
19.2
22.0
22.6
23.0
23.4
25.6
27.7

ACC

HIGH
LOW

15.0
29.9

24.3
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MEAN (%)

MEAN (%) TARGETS MEAN (%)
20.8 0 20.9
22.7 4 21.9
25.4 2

\ Ay

p-

(I1) MAIN EFFECTS FOR ACC (LSD = 8.1)

)

VALUE

.0048
L3138
.0039
.1694
.0230
.3603

w0

A0

.

a
3
(3
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